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Abstract

The serotonergic system is one of the oldest and most widespread neuromodulator
systems in the animal kingdom. In mammals, serotonin is synthesized in the raphe
nuclei in the brain stem, from where serotonergic neurons project to almost all areas
of the brain. Especially the prefrontal areas receive rich input from the anterior located
raphe nuclei. With its many different receptor types, the serotonin system is suited to
fulfill various functions throughout the brain. One of serotonins best known functions is
its role in the emotional and motivational behavior in humans and its connection to the
pathology of mood disorders. Treatment with serotonin reuptake inhibitors and other
drugs targeting the serotonin system often show positive effects not only on the
emotional state of the patients but also improve different cognitive functions in cases
of accompanying cognitive impairments. There is further evidence that serotonin
modulates individual aspects of cognition, such as working memory and decision-
making. Most studies made use of systemic application or depletion of serotonin or its
derivates, eliciting behavioral effects. This, however, leaves the question unanswered
how serotonin modulates working memory and decision-related single cell activity;
therefore, we recorded neurons in the dorsolateral prefrontal cortex in two awake
monkeys performing a numerical same-different decision task. Simultaneously to the
extracellular recordings we used lontophoresis to apply minute amounts of serotonin
and a serotonin 2A receptor antagonist in proximity of the recorded cells. We report,
that serotonin decreased numerosity tuning during the first stimulus presentation by
suppressing neuronal firing for the preferred stimulus whereas blockage of serotonin
2A receptor blockage increased working memory, reducing neuronal activity for not
preferred stimuli. Further, we find that sensory information is reduced by blockage of
serotonin 2A receptors, while information about the decision is increased by serotonin
itself. The results suggest that different serotonin receptor types contribute differently
to cognitive and sensory processes in prefrontal cortex and highlight the importance of

further research to tackle mental illnesses with accompanying cognitive impairment.
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1 Introduction

Serotonin (5-Hydroxytrypthamin, or 5-HT) is a monoamine neurotransmitter, with a
manifold of different functions. It can be found in all eukaryotic domains: protists
(Csaba, 1993), plants (Garattini and Valzelli, 1965; Saxena et al., 1966; Smith, 1971;
Azmitia, 1999), funghi (Azmitia, 1999) and animals. The latter pertains all invertebrates
arguably above the phylum cnidaria (Anctil, 1989), for example annelids (Welsh and
Moorhead, 1960; Kerkut et al., 1967; Marsden and Kerkut, 1969), molluscs (Welsh and
Moorhead, 1960; Kerkut and Cottrell, 1963; Gerschenfeld and Stefani, 1965) and
insects (Dewhurst et al., 1972; French et al., 2014). Also, all investigated vertebrates
produce and utilize serotonin. This includes birds (Paczoska-Eliasiewicz and Rzasa,
1983), fish (reviewed by Lillesaar, 2011), reptiles (Quay and Wilhoft, 1964) and
mammals (Twarog and Page, 1953). The broad distribution of 5-HT in the phylogenetic
tree implies the evolutionary old age of the neurotransmitter. A molecular evolution
analysis proved that the primordial G-protein coupled 5-HT receptor (see Section 1.3)
evolved more than 700 — 800 million years ago (Peroutka and Howell, 1994), which
makes the serotonergic system older than the dopaminergic, muscarine and

adrenergic systems.

In mammals, around 95 % of all 5-HT is present in the intestines. The substance is
synthesized either by the intestinal enterochromaffin cells (Erspamer, 1953, 1966;
Vialli, 1966) or serotonergic neurons in the myenteric plexus (Gershon et al., 1965;
Wade et al., 1994), which innervate the gut muscles. The enterochromaffin cells
produce a greater proportion of the intestinal 5-HT, which overflows to the
gastrointestinal lumen (Grgnstad et al., 1985; Wingren and Ahlman, 1988) and blood
(Rand and Reid, 1951; Morrissey et al., 1977; Tamir et al., 1985).

The 5-HT of the central nervous system (CNS) is synthesized in the raphe nuclei
(Dahlstrom and Fuxe, 1964), a group of nuclei in the brain stem (for more detailed
information see Section 1.4.1). A micro dialysis study in freely moving rats showed
that the extracellular 5-HT concentration was similar in all (six) analyzed brain areas,
except for the raphe nuclei (RN) and the prefrontal cortex (PFC), where concentrations

were approximately 40 % higher (Adell et al., 1991).

In mammals, 5-HT is involved in a host of different functions like neurodevelopment
(Moiseiwitsch and Lauder, 1995; Choi et al.,, 1997; reviewed by Azmitia, 2001),
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cardiovascular functions (Villalon and Centurion, 2007), sexual behavior (Marson and
McKenna, 1992; Normandin and Murphy, 2011), aggression (Cases et al., 1995; Mejia
et al., 2002), sleep (Bradley and Hance, 1956; Urbain et al., 2006), pain (Messing and
Lytle, 1977; Sommer, 2004; Viguier et al., 2013) regulating gastrointestinal functions
(Gershon and Tack, 2007) and feeding regulations (Blundell, 1977; Simansky and
Nicklous, 2002; Voigt and Fink, 2015). However, its involvement in autism and affective
disorders made the monoamine most famous and attracted the attention of many

neuroscientists, neurologists and psychologists.

The aim of this thesis was to investigate the modulatory effects of 5-HT in cognitive
processing. Therefore, we will focus on cellular processes, anatomy and other
information regarding the serotonergic system in the brain. For more information about
serotonin’s role in the rest of the animal and human body, we suggest work by Berger
et al., 2009 and Tricklebank and Daly, 2019.

1.1 Serotonin- a brief look into history

Research into serotonin began in the 1930s when Vittorio Erspamer extracted a
substance from enterochromaffin cells (EC) in the epithelium of the digestive tract,
which caused intestinal tissue contraction. He called the substance enteramine (Negri,
2006). In 1948, Rapport and colleagues extracted and purified a vasoconstrictive
amine in beef serum. They called it serotonin (‘sero’ from serum and ‘tonin’ from tonus).
The chemical structure (and the chemical name) was identified in 1951 by Hamlin and
Fischer. In 1952, it was shown that serotonin was identical with Erspamers substance
(Feldberg and Toh, 1953). Shortly afterwards, 5-HT was found in the central nervous
system of several mammals (Twarog and Page, 1953) with different concentrations
depending on the area of the brain (Amin et al., 1954). This led to the idea of 5-HT as
a neurotransmitter (Woolley and Shaw, 1954). Years before, in 1904, Ramon y Cajal
used silver chromatin impregnation to stain several nuclei in the brain stem, now called
raphe nuclei. Within one region, most likely the dorsomedial part of the dorsal raphe
nucleus (DRN) (Cajal, 1999), he identified four different cell types, distinguishable due
to their morphology. Their fibers were located in bundles, either ascending or
descending dorsoventrally. At the time, Cajal knew little about the function of the raphe
nuclei and the destination of their bundles. But in 1962, thanks to the newly refined
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Falck-Hillarp method of histochemical fluorescence to visualize monoamines (Carlsson

et al., 1962; Falck, 1964), a half-century old mystery could be solved. Dahlstrém and
Fuxe (Dahlstrém and Fuxe, 1964, 1965; Fuxe, 1965) not only revealed the serotonergic
nature of the raphe nuclei but also lay the foundation for the research of the most
extensive and complex neurochemical projection system in the mammal brain. This
research was continued over the next two decades, while methods became more and
more specific for labeling neurochemical pathways (Kristensson and Olsson, 1971,
Hokfelt and Ljungdahl, 1972; Hokfelt et al., 1973; Steinbusch et al., 1978). During this
time, the serotonergic system gained a lot of interest because of its role in psychoses.
This observation was made with synthesized psychedelic lysergic acid diethylamide
(LSD) (Hofmann, 1996) which is structurally related to 5-HT. Further, it was shown that
LSD attenuates or facilitates the effects of 5-HT in smooth muscles (Gaddum and
Picarelli, 1957).

As mentioned above, 5-HT was proposed to be a neurotransmitter. Evidence for this
was provided by several studies showing that 5-HT and enzymes necessary for its
synthesis were present in the cerebral cortex (Bogdanski et al., 1957; Kuntzman et al.,
1961), stored in vesicles in nerve endings (Michaelson and Whittaker, 1963; Maynert
et al., 1964; Fuxe, 1965). The physiological role of 5-HT in the cerebral cortex was
proved through iontophoretic studies in cats, which showed that administration of 5-HT
inhibited cell firing (Krnjevi¢ and Phillis, 1963a, 1963b). However, these studies were
conducted in anesthetized animals, and the effects of serotonin were probably
confounded by the general effects of the narcotics. In 1967, Roberts and Straughan
lay the foundation for modern electrophysiological research into the function of 5-HT.
They investigated whether 5-HT had modulatory effects on cortical neurons in awake
animals. They used micro iontophoresis to apply 5-HT into the post-sigmoid and
suprasylvian gyri of cats in encéphale isolé preparations (Roberts and Straughan,
1967). They were able to elicit excitatory (25 %), inhibitory (31 %) as well as mixed
(7%) effects on the spontaneous firing rate of recorded neurons upon 5-HT application.
Additionally, they applied 5-HT antagonists like LSD 25, 2-brom LSD, 2'-(3-
dimethylaminopropylthio) cinnamanilid and methysergide and their findings indicated
another important aspect of the serotonergic system: the existence of at least two
different receptor types. While all four antagonists reduced the excitatory effects of 5-

HT, they failed to rescue the depression produced by 5-HT.
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The next big step to investigate the serotonergic system was taken by Aghajanian and
colleagues. They inserted microelectrodes into the rat dorsal raphe nucleus to record
spontaneous extracellular firing of serotonergic cells after parenteral (either
intraperitoneal or intravenous) injections of LSD (Aghajanian et al., 1968). They found
that cells near or in the midline of the medial and dorsal raphe nuclei exhibited a slow,
but very regular firing pattern. Upon systematic administration of LSD, serotonergic
cells showed a complete inhibition.

In 1979, Peroutka and Snyder used radioligand binding to investigate binding sites of
5-HT receptors. They used three different ligands, assuming the maximum density of
binding sites to be identical when all ligands bind to the same population of neurons.
They provided the first proof for different 5-HT receptor types in the CNS of a mammal.
During the 1980s and early 1990s, the identification and characterization of various 5-
HT receptor types continued. Besides classical pharmacology, modern molecular
analyses were used. Today, 14 different receptor types have been identified in the

human brain (see Section 1.3).

1.2 Serotonin synthesis

5-HT is synthesized from the large and aromatic amino acid (AA) I-tryptophan.
Tryptophan is the least frequent building block in proteins and, due to its hydrophobic
nature, serves as an important folding signal in the structure of proteins (Aoyagi et al.,
2001). For all monogastric animals and preweaning ruminants, tryptophan is an
essential AA, as they are unable to synthesize the molecule in their bodies and need
to take it up with their diet. Interestingly, many important molecules derive from
tryptophan. This encompasses adenosine and thymidine, both nuclei acids and bases
of the DNA, the hormone melatonin (Wurtman and Anton-Tay, 1969), coenzymes
nicotinamide adenine dinucleotide (NAD) and NAD phosphate (NADP), important for
electron transfer reactions in all living cells (Khan et al., 2006; Mattevi, 2006; Wang et
al., 2006), Niacin (vitamin B3) (Ikeda et al., 1965) and the phytohormone class auxin
(Stepanova et al., 2008; Tao et al., 2008) just to name a few. Further, tryptophan, due
to the indole ring in its structure, is a frequent amino acid in the light absorbing
molecules necessary for photosynthesis or other light-dependent processes (Angiolillo

and Vanderkooi, 1996). Once digested, tryptophan is transported to the brain, either
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free or bound in the plasma. However, only free I-tryptophan can cross the blood brain

barrier.

Within the cells of the raphe nuclei, serotonin is synthesized from tryptophan by two
enzymes (Figure 1.1). The first one, tryptophan hydroxylase (TPH, Figure 1.1 A),
requires iron as cofactor. It catalyzes a tetrahydrobiopterin- and molecular oxygen-
dependent reaction from tryptophan to 5-hydroxytryptophan (5-HTP). During this
reaction a hydroxy group is added to the carbon 5. To activate, TPH needs to be
phosphorylated by a calcium-activated protein kinase. The necessary calcium is
provided by calcium influx during neuronal firing (Jacobs and Azmitia, 1992). There
are two different genes for TPH in mammals, which encode two different but
homologous enzymes, TPH1 and TPH2 (Walther and Bader, 2003). TPH1 is mainly
expressed in the EC cells in the gut, whereas TPH2 is produced by serotonergic cells

in the CNS. TPH is the rate-limiting factor in the serotonin synthesis. The second
Tetrahydro- Dihydro-

A
PSR biopterin biopterin

O
WOH >-<>
HN™  NH
’ O, H,0

tryptophan hydroxylase

HO 5-hydroxytryptophan
O

HN NH,

B

HO 5-hydroxytryptophan HQO 5-hydroxytryptamine

@)
Pyridoxal phosphate
, OH \ " '
HN NH, to. HN NH,

aromatic I-amino acid decarboxylase

Figure 1.1: The enzymes, cofactors and respective reactions necessary for the synthesis of serotonin
are shown. A) shows the action of the enzyme tryptophan hydroxylase, which catalyzes the
hydroxylation of I-tryptophan to 5-hydroxytryptophan. This is the rate limiting step in the serotonin
synthesis. B) shows the decarboxylation reaction from 5-hydroxytryptophan to serotonin, accelerated
by the enzyme aromatic I-amino acid decarboxylase.
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enzyme is called aromatic I-amino acid decarboxylase (AADC Figure 1.1 B) which
requires pyridoxal phosphate as co-substrate to decarboxylate 5-HTP to 5-HT. Only
3 % of the absorbed tryptophan is used in 5-HT synthesis throughout the body (Praag
and Lemus, 1986) and only approximately 1 % happens in the brain (Richard et al.,
2009). The synthesis takes place in the axonal terminals where, upon activation,
serotonin is released into the extracellular space. Serotonin release correlates with
tryptophan levels (Schaechter and Wurtman, 1990). Serotonin degradation is

facilitated by the enzyme monoamine oxidase (MAO).

1.3 Serotonin receptors

In 1988, Fargin and colleagues successfully cloned a 5-HT receptor for the first time in
history (Fargin et al., 1988). During the process, they discovered a strong sequence
resemblance to adrenergic receptors, which led them to assume that the 5-HT receptor
they cloned was a G-protein coupled receptor (GPCR). GPCRs are integral membrane
proteins with 7 a-transmembrane helices. They have a ligand binding site within the
transmembrane helices (Rémpler et al., 2007; Trzaskowski et al., 2012). On the

intracellular site, GPCRs are coupled to a guanine nucleotide-binding protein or short

A B

5-HT
( 5-HT
A4 v

N N\

w U active
GPCR inactive GPCR G-protein
G-protein d GDP

o
“eTP ./

Response

Figure 1.2: Schematic illustration of a G protein coupled serotonin receptor and

the intracellular effect upon extracellular ligand binding. A) shows the inactive form of
a GPCR with 7 a-transmembrane helices. The G protein is coupled to the GPCR and to a GDP molecule.
The target protein is unaffected by the inactive G protein. B) shows the effect of extracellular ligand
binding. The G protein is dissociated from the GPCR and coupled to a GTP molecule. In this
conformation it binds to the target protein and regulates its activity.
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G protein. G proteins are heterotrimeric, they comprise of three subunits (a-, -, and y-

subunit). The a-subunit possesses the ability to bind either guanin diphosphate (GDP)
or the energy-rich guanine triphosphate (GTP). Upon GPCR activation an internal
signal transduction pathway, a so-called second messenger system, is either activated
or inactivated. Figure 1.2 A and B show a schematic of the mechanism. The ligand
binding to the receptor leads to a conformational change of the GPCR, which in turn
enables the a-subunit to exchange the bound GDP for a GTP molecule (Figure 1.2 B).
The a-subunit then dissociates from the By-dimer. Depending on the G protein type,
either the a-subunit and/or the Py-dimer now binds to a target-protein, which
subsequently alters its function. Mammals possess a diverse repertoire of genes,
which encode G protein subunits (Syrovatkina et al., 2016), which results in a multitude

of possible intracellular effects.

Today, 14 different 5-HT receptor types have been identified, most of which are class
A (Rhodopsin-like) (Fredriksson et al., 2003) GPCRs. The only exception is the so
called 5-HT3 receptor type, a ligand-gated ion channel. The receptor types are
subdivided into 7 families (5-HT1 — 5HT7), due to structural and genetic differences

(Table 1). For example, they differ with regard to the coupled G protein.

Table 1: List of different 5-HT receptor families and subtypes

Receptor Receptor
famili btypes Type
y subtyp
5-HT1A
5-HT1B
5-HT1 5-HT1C
5-HT1E
5-HT1F GPCR
5-HT2A
5-HT2 5-HT2B
5-HT2C
5-HT3 Ligand-
gated
5-HT4
5-HT5A
S-HTS 5-HT5B GPCR
5-HT6

S5-HT7
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As mentioned briefly above, the serotonergic system, with its primordial receptor type,
is one of the most ancient neurosignaling systems (Peroutka and Howell, 1994). The
three major 5-HT GPCR families (5-HTi1, 5HT2 and 5-HT7) are less than 25 %
homologous, which indicates the genetic divergence took place around 600 — 700
million years ago (Rompler et al.,, 2007), even before the evolutionary split of
invertebrates and vertebrates (Nichols, 2006). The evolutionary old age of the
serotonergic system is also the explanation for the high number of serotonin receptor

types (Peroutka and Howell, 1994) and the multitude of functions.

While all 5-HT receptor types have been implicated in important functions of the brain,
the receptor types 5-HT1A and 5-HT2A are among the most studied due to their
abundance in the cerebral cortex. 5-HT1A is often coupled to the Gio protein in the
cortex (Mannoury La Cour et al., 2006). Activation of this class of G-proteins leads to
inhibition of the adenylyl cyclase (Albert et al., 1999; Liu et al., 1999), which decreases
the concentration of cAMP (3',5’-cyclic adenosine monophosphate). cCAMP, a very
common intracellular signaling molecule, usually stimulates the protein kinase A
(PKA). Additionally, it was shown that the By-dimer also activates G protein coupled
rectifying potassium channels in the hippocampus (Andrade and Nicoll, 1987; Colino
and Halliwell, 1988; Oleskevich, 1995) and DRN (Clarke et al., 1996). Thus, the cells
hyperpolarize upon activation, regardless of whether the 5-HT1A is pre- or
postsynaptically expressed, and exhibit reduced neuronal activity. 5-HT1A receptors
are also expressed on the serotonergic neurons of the DRN and MRN. Here, they
function as somatodendritic autoreceptors, downregulating the synthesis and release
of 5-HT.

5-HT2A receptors are excitatory. The coupled Gg11 a-subunit mainly activates the
enzyme phospholipase C (PLC) (Golebiewska and Scarlata, 2008), which hydrolyzes
the membrane phospholipid phosphatidylinositol 4,5-biphosphate (PIP2) to diacyl
glycerol (DAG) and inositol triphosphate (IP3) (Sue Goo Rhee and Kang Duk Choi,
1992; Lee and Rhee, 1995; Essen et al., 1997). Both DAG and IP3 act as second
messenger. IP3 elicit Ca?* release from the endoplasmic reticulum (ER) by activation
of IP3 receptors in the ER membrane. Due to increased Ca?* concentration, DAG then
activates the protein kinase C (PKC) which in turn phosphorylates other effectors.

Increased intracellular Ca?* levels also lead to opening of voltage independent calcium
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channels (Millan et al., 2008) which increases the excitability of a cell while Ca?* influx

elicits exocytosis of synaptic vesicles containing neurotransmitters in presynaptic
terminals (Neher and Sakaba, 2008).

1.4 Serotonergic System Anatomy

1.4.1 Raphe nuclei and other brainstem areas

The cell bodies of CNS neurons with the ability to produce serotonin are located in the
brain stem - more precisely, in the raphe nuclei, the median part of the reticular
formation (Brodal, 1981). However, they are also found in the lateral reticular formation.
The raphe nuclei flank the sagittal midline, where they lay distributed from the medulla
oblongata to the rostral midbrain. The term ‘raphe’, a word from Greek origin, means
seam or ridge and refers to the location close to the midline. There is disagreement in
the literature about the number (7 or 8) and nomenclature of raphe nuclei. We decided
to employ Torks description (Térk, 1990), which refers to 7 nuclei. Table 2 lists
serotonin containing structures in the midbrain.

Table 2: Brainstem nuclei and areas with respective clusters of serotonergic
cells

5-HT Structure B-cluster
Nucleus raphe pallidus Bl
Nucleus raphe obscurus B2
Dosolateral nucleus raphe obscurus B4
Nucleus raphe magnus B3
Rostral ventrolateral medulla B3
Lateral paragigantocellular reticular nucleus B3
Caudal ventrolateral medulla Bl
Median raphe nucleus, caudal part B5
Median raphe nucleus, rotral main part B8
Dorsal raphe nucleus, caudal part B6
Dorsal raphe nucleus principal, rostral part B7
Caudal linear nucleus B8
Nucleus pontis oralis B8/B9
Supralemniscal region B9

As it was revealed that the cytoarchitectonically identified raphe nuclei did not coincide

entirely with clusters of serotonergic cells, Dahlstrom and Fuxe (Dahlstrém and Fuxe,
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1964) introduced a serotonergic cell group nomenclature (see Table 2) during their
histofluorescence studies of the rat brain. It starts with B1 for the most caudal located
cluster and increases towards the rostral clusters (Figure 1.3). Most B-clusters
correspond to the individual raphe nuclei, however, sometimes two B-clusters make
up one raphe nucleus or one B-cluster extends the scale of one raphe nucleus.
Serotonergic neurons are most often located in the raphe nuclei, however studies
showed that there are serotonergic populations, which extend laterally into the medial
and lateral reticular formation (Poitras and Parent, 1978; Steinbusch, 1981; Wiklund et
al., 1981; Jacobs et al., 1984; Tork, 1990; VanderHorst and Ulfhake, 2006). Not all
cells in the raphe nuclei synthesize serotonin and the percentages greatly vary from
nucleus to nucleus. For example, in the DRN around 80% of all neurons are
serotonergic, whereas in the Nucleus raphe pallidus only between 10 and 20 % of the
cells produce 5-HT. Further, it is noteworthy that additional neurotransmitters were
discovered in the raphe nuclei, like dopamine (Lindvall and Bjorklund, 1974), GABA
(Belin et al., 1979) and glutamate (Kaneko et al., 1990).

The distribution and projections of raphe nuclei are similar in all mammals (Figure 1.3)
(Schofield and Everitt, 1981). The raphe nuclei can be allocated into two groups (green
and blue versus red nuclei in Figure 1.3), according to genetic and developmental

differences (Ding et al., 2003). The rostral group (Figure 1.3, blue and green nuclei),

Nucleus linearis (BS/BQ) g B
Median raphe nucleus (B8/B5) %
Dorsal raphe nucleus (B7/BB)
Nucleus raphe pontis (B5) .~ .

Nucleus raphe magnus (B3)

Nucleus raphe pallidus (B1)
Nucleus raphe obscuris (82)

B ventral ascending pathway
I dorsal ascending pathway

I dorsal and ventral descending
pathways

Figure 1.3: Distribution of serotonergic cell clusters in the brain stem of humans

(left) and mice (right). Clusters are color coded according to projection pathway. The distribution
and projection pathways are similar in all mammals

consisting of the nuclei in the midbrain and pons, nucleus linearis, nucleus centralis

superior (also called median raphe nucleus MRN), DRN and nucleus raphe pontis,
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projects to the forebrain. This group contains almost 85% of all serotonergic cells in
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the brain. The second group (Figure 1.3, red nuclei), the caudal group, comprises the
nuclei in the medulla: the nucleus raphe magnus, nucleus raphe obscurus and the
nucleus raphe pallidus. These cells project to the caudal brainstem and the spinal cord.
The serotonergic cells are a morphologically and functional heterogeneous group
(Steinbusch et al.,, 1981; Azmitia and Gannon, 1983). They have distinct
cytoarchitectural, neurochemical and projection characteristics. Most serotonergic
cells are multipolar, but closer to the midline the cells get smaller and exhibit dendrites

along the sagittal plane. Lateral located cells tend to be the largest (Tork, 1990).

1.4.2 Serotonergic projections to the forebrain

The following will describe the projections from the serotonergic midbrain cells to
cortical and subcortical areas, relevant to the present study. For more information
regarding projections to lower brainstem areas and the spinal cord, we suggest work
by Hornung (Hornung, 2003; Mai and Paxinos, 2011) and Tork (Tork, 1990).

Striatum Thalamus
Neocortex I',\I
\
N T— _~ To hippocampus
/ I
Hypothalamus ___ { - \
Nucleus linearis
Dorsal raphe nucleus
Amygdala Medial raphe nucleus

Nucleus raphe pontis
Nucleus raphe magnus

Olfactory and P
entorhinal cortices -~

Nucleus raphe pallidus

Cerebellar cortex

Hippocampus
Nucleus raphe cbscuris

To spinal cord

Figure 1.4: The serotonergic system and its projections. The raphe nuclei send out far
reaching projection neurons to almost all areas of the brain. Especially the forebrain receives a rich
serotonergic input originating in the dorsal raphe nucleus. Source Nestler, Hyman, Holtzman and
Malenka: Molecular Neuropharmacology: A Foundation for Clinical Neuroscience, 3 Edition
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Figure 1.4 shows a rough schematic of the raphe projections. Almost all areas of the
brain receive input from the serotonergic system. Two raphe nuclei play an important
role in the innervation of the forebrain: the DRN and MRN. The (human) DRN, probably
the most investigated raphe nucleus, can be divided into several subdivisions: dorsal
(DRD), ventral (DRV), interfascicular (DRI), and ventro-lateral (DRVL) dorsal raphe
nucleus (Baker et al.,, 1990). It contains approximately 235000 neurons, of which
around 70-80% are serotonergic (Baker et al.,, 1991). The DRN extends from the
periventricular gray matter of the rostral pons to the level of the nucleus nervi
oculomotorii. There are four main cell types found in the DRN, which differ in
morphology and neurochemical function. These cells are not confined to the midline
but are well distributed also to the lateral parts. Additionally, they are topographically
organized along the rostrocaudal axis in regard to their projections (Waterhouse et al.,
1986; Abrams et al., 2004). Cells project to more rostral brain areas, if they are located
more rostrally in the DRN and vice versa. The median raphe nucleus ranges from the
level of the trigeminal motor nucleus to the caudal end of the decussation of the
superior cerebellar peduncle.

The MRN is also divided into subdivisions, of which one, which extends dorsally into
the nucleus pontis oralis (PnO), is particularly developed in primates (Hubbard and di
Carlo, 1974; Schofield and Everitt, 1981; Schofield and Dixson, 1982; Felten and
Sladek, 1983). The DRN and MRN receive their inputs mostly from the limbic system.
The efferent projections are divided into two parallel pathways. The dorsal pathway
runs parallel to medial longitudinal fasciculus. These fibers originate from the DRN and
PnO (Azmitia and Gannon, 1983, 1986) (Figure 1.3, green nuclei). The ventral
pathway, consisting out of axons of MRN and caudal DRN neurons Figure 1.3, blue
nuclei), enters the VTA at the dorsal limit of the interpeduncular nucleus (Azmitia and
Segal, 1978; Jacobs et al., 1978; de Olmos and Heimer, 1980; Fallon and Loughlin,
1982). Azmitia and Gannon showed in 1986 that the relative size of the dorsal pathway
is larger in non-human primates due to their larger cortices and DRN projections
(Azmitia and Gannon, 1986). The two pathways meet and mingle at the caudal end of
the diencephalon and split into two: the first one passes through the internal capsule
on its way to the lateral cerebral cortex (Kievit and Kuypers, 1975; Van Der Kooy and
Kuypers, 1979; Steinbusch et al., 1980, 1981; Van der Kooy and Hattori, 1980; Porrino
and GoldmanzRakic, 1982; Tigges et al., 1982; Waterhouse et al., 1986; Corvaja et al.,
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1993) whereas the second one ascends within the medial forebrain bundle, innervating

the hypothalamus, basal forebrain, amygdala, medial cortex and hippocampus
(Azmitia and Segal, 1978; Kohler and Steinbusch, 1982; Imai et al., 1986; Vertes and
Martin, 1988; Datiche et al., 1995). Most projections end in the ipsilateral hemisphere
(Miller et al., 1975) and the few contralateral projections terminate close to the midline
(Kohler and Steinbusch, 1982; Waselus et al., 2006).

1.4.3 Serotonergic input to the lateral prefrontal cortex

It has been long known that the lateral prefrontal cortex (IPFC) receives rich
serotonergic input (Fuxe, 1965). These studies were mostly conducted in rodents or
other small mammals (Steinbusch, 1981; O’Hearn et al., 1988; Vertes and Martin,
1988). To investigate the non-human primate brain, Porrino and Goldman-Rakic used
the retrograde axonal transport of the enzyme horseradish peroxidase (HRP) to
determine the origin as well as the distribution of monoaminergic input to the IPFC
(Porrino and GoldmanZRakic, 1982). They injected HRP into distinct areas of 12
monkeys’ forebrains to trace back the fibers to their origin. Labeled somata were found
in the DRN and the MRN, especially after HRP injections into the principal sulcus
(Brodmann’s area 46). Today, it is known that projection neurons from the DRN
terminate in almost all areas of the forebrain (Berger et al., 1988), especially, the
primary sensory areas (Morrison et al., 1982; Campbell et al., 1987). They possess
rather small varicosities (Kosofsky and Molliver, 1987), which occur most often in layer
IV (Takeuchi and Sano, 1984). Further, it was shown in an electron microscopic study
that serotonergic fibers originating from the DNR do not form conventional synapses
(Defelipe and Jones, 1988), but most likely using the intercellular communication mode
of volume transmission (reviewed by Fuxe et al., 2013). The MRN cells projections
overlap greatly with those of the DRN neurons. However, their varicosities are rather
large (Kosofsky and Molliver, 1987) and abundant, especially in frontal and
hippocampal areas. They form true chemical synapses (Smiley and Goldman-Rakic,
1996). In some areas of the non-human primate brain, including the PFC, the MRN
projections terminate in clusters, forming so-called baskets, which surround certain
population of interneurons (Hornung et al., 1990; Wilson and Molliver, 1991; Hornung
and Celio, 1992; Smiley and Goldman-Rakic, 1996).
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1.5 The lateral prefrontal cortex

Since the discovery of serotonin and other monoamines in the IPFC it has been
suggested that these have modulatory effects on cognition. That is because the IPFC
is a key structure for cognitive control (Fuster, 2001). It is one of three major divisions
of the primate prefrontal cortex. The others being the orbitofrontal cortex (OFC), which
is involved in reward-based decision-making and processing of emotions (Kringelbach,
2005; Rushworth et al., 2007; Rolls and Grabenhorst, 2008; Rolls, 2016), and the
medial PFC, similarly strongly connected to the amygdala and also involved in emotion
processing (Aggleton et al., 1980; Chiba et al., 2001; Ghashghaei and Barbas, 2002;
Stefanacci and Amaral, 2002). The IPFC comprises of Brodmann areas 8, 9, 10, 45,
46 and 47 (Petrides and Pandya, 1994) and possesses a well-developed internal
granular (IV) layer, which separates it from the rest of the frontal areas (v. Economo,
1929; Walker, 1940; Von Bonin and Bailey, 1947; Bailey and von Bonin, 1951; Akert,
1964). Due to distinct architectonic differentiations, the IPFC is further parcellated into
two divisions, the ventrolateral (VIPFC) and dorsolateral part (dIPFC) (reviewed by
Tanji and Hoshi, 2008). Histological studies suggest that the vIPFC receives, retrieves
and integrates input from different sensory areas, whereas the dIPFC receives already
integrated multimodal information sets, which can be integrated with one another
(Carmichael and Price, 1994; Ongur and Price, 2000). This and the fact that the IPFC
has many efferents to premotor areas makes the IPFC the ideal candidate for guiding

top-down control.

In 1971, it was shown that the spiking activity of cells in the granular PFC (IPFC)
corresponded to the process of working memory (Fuster and Alexander, 1971). In a
delayed response task, cells increased their discharge rate during the delay phase.
Since then the IPFC has been proven to be crucial for executing goal-directed behavior
(reviewed by Miller, 2000). This includes three executive functions (Fuster, 2015): i)
executive attention (with subcomponents working memory (Fuster, 1973; Goldman-
Rakic, 1987; Quintana et al., 1988; Funahashi et al., 1989; Miller et al., 1996), top-
down attention (Wilkins et al., 1987; Buschman and Miller, 2007) and inhibitory control
(Iversen and Mishkin, 1970; Casey et al.,, 2001; Liddle et al., 2001)), ii) planning
(reviewed by Tanji and Hoshi, 2001) and iii) decision-making (Kim and Shadlen, 1999;
Hussar and Pasternak, 2012).
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1.6 Serotonin receptors in the IPFC

5-HT receptors are densely expressed in the PFC of rodents (Araneda and Andrade,
1991; Amargos-Bosch et al., 2004; Santana et al., 2004; Puig and Gulledge, 2011),
non-human primates (Jakab and Goldman-Rakic, 1998, 2000; De Almeida and
Mengod, 2007, 2008) and humans (De Almeida and Mengod, 2007, 2008; Beliveau et
al., 2017). The most common receptor types in the primate PFC are the 5-HT1A and
5-HT2A receptors (De Almeida and Mengod, 2007, 2008). Most pyramidal neurons
express both receptor types (Araneda and Andrade, 1991; Amargos-Bosch et al.,
2004; Santana et al., 2004; De Almeida and Mengod, 2007, 2008), despite their
functionally distinct effects on prefrontal pyramidal cells. Activation of 5-HT1A,
expressed mostly on the soma and the axon initial segments (Azmitia et al., 1996;
DeFelipe et al., 2001; Cruz et al., 2004), generate inhibitory responses (Nicoll et al.,
1986; Hamon et al., 1990; Béique et al., 2004) whereas the excitatory SHT2A receptors
are located at the apical dendrites (Jakab and Goldman-Rakic, 1998; Martin-Ruiz et
al., 2001) and presumably amplify excitatory input (Araneda and Andrade, 1991; Marek
and Aghajanian, 1999; Puig and Gulledge, 2011). In the rat PFC, two distinct
populations of fast-spiking interneurons express one receptor type, 5-HT1A or 5-HT2A,
respectively (Puig et al., 2010). These neurons are especially abundant in layer V. de
Almeida and Mengod (2007, 2008) used double in situ hybridization to quantify the
colocalization of 5-HT1A and 5-HT2A receptor mRNA with markers for glutamatergic
as well as for parvalbumin and calbindin expressing GABAergic cells in the PFC of
men and monkeys. They found that almost all (86 — 100 %) glutamatergic cells in layers
Il — V expressed 5-HT2A receptors, whereas 5-HT1A receptors are expressed by 80
% of the glutamatergic neurons in layer Il — Ill and by half of the pyramidal and tiny
stellate cells in layer VI. Both receptors are either absent or less abundant in excitatory
cells of other layers. Percentages of GABAergic cells expressing either receptor type
are irrefutably lower. In the monkey layers Il —V, 13 — 31 % of the cells expressed 5-
HT2A receptors. 5-HT1A receptors were expressed with similar percentages in layer
Il —1lland VI (13 — 21 %), most of which cells were calbindin-expressing interneurons.
The number of cells expressing 5-HT2A in layer VI was increased to 28 — 46 %.
Interestingly, they found higher percentages of GABAergic neurons expressing 5-
HT2A receptors in the Brodmann area 9 (46 — 69 % (45 — 63 % ) parvalbumin-

expressing and 61 — 75 % (61 — 87 %) calbindin-positive neurons in the monkey



Q.

(human)).They suggested that both receptor types are partly segregated in terms of
their distribution in the cortical layers, suggesting a complementary layer coverage.
Their data was compatible with previous findings (Lidow et al.,, 1989b, 1989a;
Goldman-Rakic et al., 1990; Bigham and Lidow, 1995) and findings in rodents
(Santana and Artigas, 2017).

1.7 Serotonin’s role in cognition

Cognitive impairment is a prominent symptom of many mental disorders, like anxiety
(reviewed by Paterniti et al., 1999), major depression (reviewed by Marazziti et al.,
2010) and schizophrenia (reviewed by Green, 2006). It is well known, that 5-HT is
involved in the pathophysiology and treatment of these diseases (Terry et al., 2008;
Muck-Seler and Pivac, 2011; Rodriguez et al., 2012; Lin et al., 2014). Many studies
have demonstrated that serotonin modulates different cognitive functions either directly
or indirectly. Firstly, cognitive flexibility is positively correlated to 5-HT levels. Bari and
colleagues (Bari et al., 2010) manipulated the central 5-HT levels in rats while the
animals were performing a probabilistic reversal leaning task. They found that low
levels of a selective serotonin reuptake inhibitor (SSRI) decreased cognitive flexibility
while simultaneously increased the reaction towards negative stimuli. Higher levels of
the same SSRI showed reversed effects. Consistently, 5-HT depletion in the PFC of
marmosets inhibited cognitive flexibility (Clarke, 2004), however, the same group
showed later that this impairment was restricted to changing stimulus-reward
association and not to higher-order attentional set shifting (Clarke et al., 2005). This
indicates that different populations of neurons exhibit distinct gradations towards the
modulatory effect of 5-HT. Systemic administration of the highly selective 5-HT2A
antagonist MDL100907 impaired reversal leaning in rats (Boulougouris et al., 2008),
however, intra mPFC 5-HT2A antagonism failed to elicit significant modulation of
reversal leaning (Boulougouris and Robbins, 2010). Further, these receptors seem to
play a role in attentional set shifting, as 5-HT2A receptor gene polymorphism is
connected to deteriorated performance in Wisconsin Card Sorting Test (WCST) (Ugok
et al., 2007). Carli and colleagues (Carli et al., 2006) showed that stimulation of 5-
HT1A receptors and blockage of 5-HT2A receptors in the medial PFC of rats abolished

attentional capacity impairment, induced through blockage of glutamate NMDA
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receptors, indicating an indirect effect on attentional functioning. Further, MDL100907

also decreased any negative effect on inhibitory response control, also induced
through NMDA blockage. Pharmaceutical studies proved the involvement of the
serotonin system in behavioral inhibition; however, the exact mechanisms remain
elusive. This is also due to the fact that findings are contradicting. A recent study (Costa
et al., 2016) in monkeys showed that systemic administration of SSRIs decreased
impulsive responding. However, a study in humans (Scholes et al., 2007), investigating
the effect of serotonin depletion on attentional flexibility and response inhibition
towards distracting stimuli, found that a tryptophan-free diet improved performance in
a Stroop task, increasing attentional control. This indicated the involvement of different
serotonin receptors with different functional roles. Systemic administration of the 5-
HT1A full agonist flesinoxan impaired working-memory performances in a delayed
conditional discrimination task in rats (Herremans et al., 1995), while iontophoretic
application of MDL100907 decreased spatial working memory during the execution of
a oculomotor delayed response task in monkeys (Williams et al., 2002). However,
another study in rats showed no effect on spatial working memory but on object
memory after a tryptophan free diet (Lieben et al., 2004). Modulation effect differences
may be due to individual or species-specific genetic/epigenetic variations or even
distinct target receptor systems. However, it is important to note that the majority of
research investigating serotonin’s role in cognition was conducted with systemic
administration of serotonergic agents. Thus, it remains unclear whether elicited effects

were of direct or indirect nature.

1.8 Goal of this study

How does serotonin modulate different aspects of cognition? The majority of
neurocognitive serotonin research tackles this question by systemically manipulating
serotonin levels within the whole system. The findings derived from systemic
application are valuable contributions to treat cognition deficiency symptoms in
patients suffering from mental disorders. However, in order to understand the
underlying mechanism, it is also important to study the effect of serotonin and the role
of its receptors on a cellular level. In this doctoral thesis, we were interested in the

general effects of serotonin onto visual working memory related single cell activity and
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decision-making related single cell activity but also investigated the role of 5-HT2A
receptors specifically. Therefore, we recorded the neuronal activity of cortical neurons
in the dorsolateral prefrontal cortex of two awake rhesus monkeys while they
performed a numerical same-versus-different decision task. Simultaneously with the
extracellular recordings, we used iontophoresis to apply minute quantities of
serotonergic agents (5-HT and MDL100907, see Section 2.6) in proximity of the
recorded neurons. We then analyzed how serotonergic manipulations altered the
response properties of single neurons alone and within neuronal circuits involved in

cognitive processes necessary to solve the abstract decision task.
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2 Experimental Procedures

2.1 Animals and Surgical Procedures

Two male rhesus monkeys (Macaca mulatta) were subjects in this study. Monkey E
was 9 years old, whereas monkey Y was 7 years old. Both were housed in social
groups, with climbing and foraging enrichments. Both had been extensively trained on
the task (see Section 2.3), as training started prior to this study, involving the same
task with iontophoretic application of dopaminergic agents. During training and
experiments, both monkeys were under a controlled water protocol. They received
their daily amount of water by completing trials in the experimental set-up. In
accordance to the German animal protection law, they were provided with fruits and

water ad libidum in regular intervals.

Both monkeys were implanted with a titanium head post, as well as a recording
chamber centered over the principal sulcus of the lateral PFC anterior to the frontal
eye fields. One monkey’s chamber was implanted on the right hemisphere (monkey E)
and one on the left hemisphere (monkey Y). All surgeries were conducted under
general anesthesia using aseptic techniques. Before implantation structural magnetic
resonance imaging was performed to locate anatomical landmarks. All experimental
procedures were in accordance with the guidelines for animal experimentation

approved by the authority, the Regierungsprasidium Tubingen, Germany.

2.2 Experimental set-up

Training and experiments were conducted in a darkened chamber (Figure 2.1, gray
shaded area). Monkeys (Figure 2.1, brown box) sat in custom-made primate chairs,
equipped with a metal response bar (Figure 2.1, second small green box) in the front
of the monkey. Their heads were fixated, facing the front, by the means on an
attachment, mounted on the primate chair. Animals were positioned 57 cm in front of
a TFT screen (15 inch, 1024 x 768 pixel resolution, 60 kHz refresh rate, Figure 2.1,
white screen), which was used to present the task (Section 2.3), inside the set-up
chamber (‘receiver’ computer was used by the experimenter to monitor the presented
task, Figure 2.1, yellow box) . Presentation of the stimuli was controlled by the software
Cortex (NIMH, Bethesda, MD) on the ‘server computer (Figure 2.1, big green box).

Eye-movements were tracked, using pupil position and corneal reflexes, with a camera
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(Figure 2.1, small blue box) and infrared light (ISCAN, Woburn, MA). A software
(ISCAN) on the ISCAN computer (Figure 2.1, blue big box) was used to do
configuration and adjustment, when needed to secure seamless eye-tracking.
Information about the monkeys’ response and the position of its gaze was transmitted
to the Cortex software. Rewards were delivered through a water pipe (Figure 2.1, small
green box), which was attached to the chair in front of the monkeys’ mouth. After a
correct answer by the monkey a valve opened for alterable times. The amount of valve
openings was controlled through the Cortex software. However, the experimenter
could also change the amount of received reward manually though an adjustment of

valve opening time.

For recording, a baseplate with specialized electrical microdrive towers (NAN
Instruments) were mounted onto the recording chamber. The microdrives held and
placed the recording electrodes in the recording chamber. A computer (Figure 2.1, big
red box) which was connected to the NAN Electrode Drive (NAN Instruments,
Nazareth; Israel, Figure 2.1, small red box) which in turn controlled the microdrives,
was used to move the recording electrodes precisely up and down. The recording
electrodes were connected to a head stage (Figure 2.1, dark grey box) which in turn
was connected to a preamplifier (Plexon, Dallas, Texas, band-pass filter 100 Hz — 8
kHz, gain 1000, Figure 2.1, lower small orange box). Form here the signal was
transmitted to the Plexon Multichannel Acquisition Processor (MAP box, 40 kHz
sampling rate, Figure 2.1, upper small orange box). The MAP box also received
behavioral information (in the form of 8-bit codes), which was synchronized to the
neuronal data. The up to here analog signal was digitalized and send together with the
8-bit strobe codes to a ‘recording’ computer (Figure 2.1, big orange box), which
visualized the digital signal into waveforms according to preadjusted settings (eg.
threshold potential, which must be exceeded) and stored the data. lontophoresis was
implemented with an iontophoresis device (lontoD - npi, Tamm, Germany, light blue
box, Figure 2.1), which was connected to the electrode inside the iontophoretic agent
containing barrel. The device was used to manually set iontophoresis settings like
iontophoresis condition and iontophoretic current strength. Information from ine
iontophoresis device was also transmitted to the ‘recording’ computer. We used an
oscilloscope (Figure 2.1, pink box) and loudspeakers (Figure 2.1, loudspeaker

symbol), both connected to the MAP box, for visualization and audio monitoring,
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respectively, of the analog neuronal signal. Further, one extra camera (Figure 2.1,
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small purple box) was used for visual monitoring (Figure 2.1, big purple box) of the
monkey’s behavior. Further, the signal was synchronized with information about the

iontophoresis condition.
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Figure 2.1:Schematic of the experimental set-up: gray shaded area: darkened chamber,
Server PC (‘Server PC’ - big green box) controlled task presentation via the receiver PC (‘Receiver PC’
- yellow box) and the screen inside the darkened chamber, as well as assessment of response behavior
(bar grab (‘Bar’ - second small green box, eye-tracking(‘ISCAN PC’, ‘Cam 1’ - blue boxes)) and reward
delivery (‘Rew’ - small green box). For precise placement of the recording electrodes we used the NAN
drive system (‘Nan Drive PC’, ‘Nan D’ - red boxes). lontophoresis was implemented with the
iontophoresis device (‘lontoD’ - light blue box). Neuronal recordings were conducted through the Plexon
system (‘PreA’ preamplifier, ‘MAP’ multichannel acquisition processor, ‘Recording PC’ - orange boxes).
Monitoring of the monkey and neuronal recordings was made with a camera (‘Cam2’, monitoring
camera, ‘Camera PC’ - purple boxes) and oscilloscope (‘Osci’ - pink box).

2.3 Task

Monkeys performed a numerical same-different decision task (Figure 2.2), comparing
the set size of reference and test stimuli. They initiated a trial by grasping a response
bar and maintaining central fixation on a screen. After a pure fixation period (500ms),
a dot display (reference phase, 500ms) cued the animals for the reference numerosity
(i.e., number of dots) they had to remember through a memory interval (delay, 1000ms)
where no numerosities were presented. During the following display (test phase,

500ms), a test numerosity was shown with either the same or a different number of
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dots as the reference numerosity. The test phase was followed by a second delay
(decision, 1000ms) without visual information and a rule cue phase (1000ms). Here,
the monkeys were presented with one of two rule cues (red or blue square). Correct
choices depended on the seen combination of presented stimuli and rule cue. In ‘blue’
trials the monkeys had to release the lever, if the number of items in the reference and

test were the same (match trials) and withhold response in trials were both presented

“same” trials 50%
..... | -
release
50%
“different” trials 50%
hold
Fixation Delay Decision
Reference Test Rule cue Correct
response
500 ms 500ms 1000ms 500ms 1000 ms 1000 ms R
Time

Figure 2.2 Behavioral protocol. Monkeys were required to assess and memorize the number
of dots shown as reference to decide whether a second shown numerosity (test) was equal in size. The
correct behavioral response was indicated by a rule cue at the end of the task. The correct action was
depending on seen combination of numerosities and rule cue. In a “red” rule trial monkeys had to release
a lever in “different” trials and withhold response in “same” trials, vice versa in “blue” rule trials. Thus, in
this example trial the correct action was to withhold response given the red rule cue was presented while
releasing the lever would be rewarded in a blue rule trial. As the rule cue was necessary to prepare a
motor response, analysis was restricted to task phases before rule cue presentation.

stimuli contained different number of items (nonmatch trials). In ‘red’ trials, these
conditions were reversed, monkeys were to respond to different numbers. Monkeys
received a liquid reward for a correct choice. The rule cue was used so that a

behavioral response was required in each trial, ensuring that the monkeys were paying

attention during all completed trials.
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Because both reference and test numerosities varied randomly such that all
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combinations of reference and sample were shown, the monkeys could only solve the
task by assessing the second numerosity display relative to the three possible
numerosities of the first numerosity. Monkeys had to keep their gaze within 1.75° of
the fixation point from the fixation interval up to the end of the rule phase (monitored

with an infrared eye-tracking system; ISCAN, Burlington, MA).

2.4 Stimuli

Numerosity stimuli consisting of multiple-dot patterns were generated by using a
custom-written MATLAB script. All numerosity stimuli had a set size of either 1, 3 or 9
(diameter of 0.2°-0.6° visual angle, Figure 2.3). They were presented on a gray
background circle with a diameter of 5° visual angle. To prevent the monkeys from
exploiting low-level visual cues (e.g., dot density, total dot area), a standard numerosity
protocol (with randomly selected dot sizes and positions) and a control numerosity
protocol (with equal total area and average density of all dots within a trial) were used.
Before each session, the stimuli were generated anew using MATLAB (Mathworks).
Trials were pseudorandomized and balanced across all relevant features (‘red’ and
‘blue’ rules, reference and test numerosities, standard and control stimuli, match and
nonmatch trials), resulting in a total of 48 stimulus conditions. Numerosities one, three
and nine were chosen to compensate for the numerical magnitude effect (Moyer and
Landauer, 1967; Dehaene, 1992; Dehaene et al., 1998; Nieder and Dehaene, 2009),
which states that larger numerosities need to be more distant to be equally well
discriminated as smaller numerosities. In our case, numerosities three and nine are

equally well discriminable as numerosity one and three.

Stimuli

Conditions 3 (reference) x 2 (rule cues) x 4 (match/nonmatch) = 48

Figure 2.3: The three different numerosities were presented on a gray circular background
and used as reference and test stimuli. In combination with the two rule cues there were a total of 48
conditions
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2.5 Electrophysiology and lontophoresis
Extracellular single-unit recording and microiontophoretic drug application were
performed as described previously in work from our group. (Jacob et al., 2013; Ott et

al., 2014). We recorded in the dorsolateral Prefrontal Cortex, above the principal sulcus

(Figure 2.4).

anterior

ventral
Figure 2.4: Recording location. Lateral view of a rhesus monkey brain, facing to the right. Red

circle depicts the principal sulcus region (PFC), location of extracellular neuronal recordings and 5-HT
mircoiontophresis

We used up to three custom-made tungsten-in-glass electrodes (Figure 2.5, (Thiele
et al., 2006; Jacob et al., 2013; Ott et al., 2014)) in each session. The electrodes were

flanked by two pipettes, which were filled with one of two serotonergic agents before
Pipettes
‘:"\l‘:i‘ -___/

10 um

Tungsteﬁ electrode

Figure 2.5: Picture of a custom-made electrode, taken through a light microscope, zoom
level 40 x

recording sessions (see Section 2.6). To insert the electrodes transdurally we used a
modified electrical microdrive (NAN Instruments). This consisted out of three towers,
which each contained a rail system connected to tiny motors. These towers were

mounted to the recording chamber with the help of a baseplate. Each recording
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electrode was attached to a different tower’s rail system and by this could be precisely

positioned (in the range of one um) on a vertical axis and individually inside the cortical
tissue. Usually, the depth of recording electrodes was related to the first detectable
trace of neuronal activity through visual and auditory monitoring. In some cases,
recording depth of an individual electrode was adjusted to deeper levels, to yield well-
isolated signals. Recorded single neurons were not preselected to task-related
neuronal activity or any given drug effect. As described in Section 2.2, signal
acquisition, amplification, filtering, and digitalization were conducted with the MAP

system (Plexon). To implement drug microiontophoresis we used the MVCS

- MDL100907

Figure 2.6: Schematic of a recording electrode, with two flanking pipettes. During drug
conditions ejection currents were used to apply one of the serotonergic agents (red:5-HT, green:
MDL100907) into the tissue in proximity of the recorded neuron. We used only one substance for a
recording session

iontophoresis system (npi electronic, see Section 2.2). In each session only one
flanking pipette was filled with one of the serotonergic agents (either 5-HT,

MDL100907) or, for current control experiments, with 0.9% NaCl. The second pipette
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was usually filled with 0.9% NaCl, as security step during the filling process, to prevent
any functional substance to enter the second barrel. This was important to make sure
that as little as possible of the functional drugs entered the tissue during experiments
unintended. In some cases, the second barrel was not filled at all. Figure 2.6 shows a
schematic of one recording electrode during iontophoretic drug application. After each
session we measured electrode impedance and pipette resistance. Electrode
impedances ranged between 0.1 and 3.3 MQ (measured at 500Hz; Omega Tip Z;
World Precision Instruments, mean 1.02 MQ, SEM % 0.59). Mean pipette resistance
was 38.52 MQ (SEM * 20.5), depending on opening diameter and applied drug.
Recording session always started with control conditions, using the retention current,
followed by drug conditions (Figure 2.7) in which the ejection current (see Section
2.6) was used to apply the drugs. Both iontophoretic conditions alternated throughout
the whole recording session (Figure 2.7). Usually, drug conditions lasted for 10—
15min, depending on the time the monkey took to complete a certain amount of trials
correctly. After max. 17 minutes drug conditions were discontinued. Control or drug
application block consisted of either 48 or 72 correct trials in order to yield sufficient
trials for analysis. To increase recording stability and as a physical boundary to keep
the dura from drying out, we filled the recording chamber with 3% agarose for the

duration the recording session.

Single cells were sorted manually offline according to the waveform (Offline Sorter;
Plexon). Drug application through lontophoresis works fast and any given drug effect
on neuronal firing properties usually happens quickly. Therefore, it was unnecessary

to exclude trials close to iontophoresis-switching points except for baseline analysis.

time in recording session

Control Bl — —

Figure 2.7: Schema of iontophoretic condition sequence in a typical recording session

2.6 lontophoretic applied drugs
For this study we used two serotonergic drugs, namely the endogenous
neuromodulator 5-HT and the highly selective 5-HT2A receptor antagonist

MDL100907 for iontophoretic application. Both substances were solved in ultra-pure
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water and pH adjusted (to approximately pH 4) with 1 N hydrochloric acid (Sigma-

Aldrich). As solutions were prepared multiple times, pH and resulting concentration
varied slightly (5-HT: pH between 3.64 and 3.85, concentration between 10.0 and
10.5 mM; MDL100907: pH between 3.58 and 3.61, concentration between 9.2 and 9.9
mM). The solutions were stored in 40 pl aliquots at -20°C and defreezed as required
before recording sessions. The solution was then filled into one of the adjacent barrels
from where the functional component was either ejected or retained by the means of
small currents during the experiment. As in previous experiments (Jacob et al., 2013;
Ott et al., 2014) we used retention currents of —7nA to retain the drugs in the pipette
during control conditions. In the first few recording sessions, we determined ejection
currents that ensured ejection of appropriate drug amounts into the tissue. Therefore,
the ejection currents for 5-HT varied between +2 and +30nA. The ejection currents for
MDL100907 lay between +15 and +25nA. Drug sensitivities varied highly between the
two monkeys which also resulted in different ejection current ranges for each monkey.
To ensure that any given effect derived from the ejected substances and not from
applied iontophoretic currents we also conducted control recordings with 0.9%
physiological NaCl (pH 5.9). The barrel, usually filled with a serotonergic substance,
was instead filled with saline, which was ejected with a +30nA current during drug
condition. We did not investigate dosage effects and chose the strongest ejection
current which would not silence the recorded cell.

2.7 Data Analysis
2.7.1 Behavioral Data

We calculated the performance (percentage correct) by determining the proportion of
correct trials to all complete trials, in one case sorted after stimulus protocol (standard
vs control stimuli) and in the other case sorted after seen rule (red rule vs blue rule).
Next, we investigate performances for each reference-test combination individually. To
this end, we compiled behavioral performance functions, which show how often an

animal judged the test numerosity to be equal to the reference numerosity.
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2.7.2 Modulation of Neuronal Baseline Activity

For this analysis we considered all recorded neurons which had at least 96 consecutive
trials, 48 trials in each iontophoretic conditions (control/drug). Baseline discharge rates
were assessed during the first 350ms of the 500ms fixation period preceding reference
presentation. This was done to exclude signals related to the anticipation of visual
stimuli. For this analysis, we considered only the first control and drug application
blocks (48 trials prior and subsequent to the first switch of iontophoresis) to exclude
changes in baseline related to potential residual substance in the tissue. The three first
trials after the first switch between iontophoresis conditions were also excluded from
testing, to account for the time course of drug effects (wash-in). The average spiking
activity in each trial was calculated for each cell separately and then averaged across
cells. To visualize the change in firing rates from control to drug phases, the resulting
mean per drug trial was normalized to the mean discharge rate across control trials
and smoothed with a Gaussian kernel (width of 10 trials). The mean change in spike
rate was calculated by subtracting the mean control spike rate from the drug spike rate

for each cell individually and then averaging the result.

2.7.3 Numerosity-selectivity in reference phase and delay phase

For this analysis we considered all well-isolated recorded single units with an average
discharge rate above 0.5Hz. Additionally, each cell had to have at least three trials per
reference condition (‘1’3 and ‘9’) and per iontophoresis condition (control/drug
conditions) to enter the analyses. The maximum number of trials was 117/114 (5-
HT/MDL100907) control trials and 92/101 (5-HT/MDL100907) drug trials per reference
condition, with an average of 45 + 2 (SEM) / 42 + 2 (SEM) (5-HT/MDL100907) control
trials and 39 + 2 (SEM) / 33 £ 2 (SEM) (5-HT/MDL100907) drug trials per one of the
reference conditions (i.e., the average neuron was recorded for 253 + 12 (SEM) / 225
+ 12 (SEM) (5-HT/ MDL100907) trials: three reference conditions for control and drug
conditions, respectively). Only correct trials were included. We calculated a three-way
ANOVA for each neuron to determine if a neuron’s response was correlated with the
numerical identity of the reference stimulus. For the analysis of the reference phase,
we used spike rates in a 500ms window beginning 100 ms after onset of the reference.
We repeated these calculations for the delay, thus checking whether cells responses
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represent numerosity in working memory. Here, we used an 800ms analyzing window,

beginning 300ms after reference offset. The main factors of the ANOVA were reference
numerosities (‘1',’3" or ‘9’), stimulus protocol (standard/control) and iontophoresis
condition (control conditions/drug conditions). We identified numerosity-selective
neurons by a significant main factor of reference numerosity, that the monkeys had to
remember (p < 0.05). To ensure that neuronal responses varied with the abstract
numerical identities rather than with the stimulus protocol, we excluded neurons with a
significant main factor stimulus protocol as well as with a significant interaction of the
main factors reference numerosity and stimulus protocol (p < 0.05). For the remaining
neurons we averaged across standard and control stimuli trials. Further, we quantified
the delta response, which is a neuron’s selectivity to the preferred numerosity/decision
by calculating the difference between the normalized activity for the preferred and the
nonpreferred stimulus separately for control conditions and drug application trials in

the same analysis window as used for the ANOVA.

2.7.4 Test numerosity-selectivity in test and decision phase

To identify test numerosity-selective neurons, we employed a 4-way ANOVA with
following main factors: test numerosities (‘1°,’3’ or ‘9’), decision (‘same’/'different’),
stimulus protocol (standard/control) and iontophoresis condition (control
conditions/drug conditions). We included all well-isolated single units with an average
discharge rate above 0.5 Hertz and at least 3 trials per condition combination (test
times decision) in the analysis. The maximum number was 114/115 (5-
HT/MDL100907) control trials and 92/95 drug trials per test condition, with an average
of 48 £ 2 (SEM) / 50 + 3 (SEM) (5-HT/MDL100907) control trials and 42 + 2 (SEM)/ 40
+ 2 (SEM) (5-HT/MDL100907) drug trials per one of the test conditions (i.e., the
average neuron was recorded for 268 = 12 (SEM) / 248 + 14 (SEM) (5-HT/MDL100907)
trials: three test conditions for control and drug conditions, respectively). Calculations
were performed only for correct trials. To analyze selectivity during test presentation
we used a 500 ms analysis window for the ANOVA starting 100 ms after test onset.
The analysis window for the decision phase started 300 ms after test onset and lasted
800 ms. Test-selective neurons were identified by a significant main factor for test

numerosity. All cells with a significant main factor protocol or an interaction of protocol
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with test were discarded for further analysis. Further, we quantified the delta response,
which is a neuron’s selectivity to the preferred numerosity/decision by calculating the
difference between the normalized activity for the preferred and the nonpreferred
stimulus separately for control conditions and drug application trials in the same

analysis window as used for the ANOVA.

2.7.5 Decision-selectivity in test and decision phase

We used the same 4-way ANOVASs as described in Section 2.7.3 to identify decision-
selective neurons. Cells were considered decision-selective if the ANOVA revealed a
significant main factor for decision type, without a significant main factor protocol or an
interaction of protocol with decision. Otherwise cells were discarded for further
analysis. The maximum number was 177/168 (5-HT/MDL100907) control trials and
135/144 drug trials per decision condition, with an average of 72 + 3 (SEM) / 69 + 4
(SEM) (5-HT/MDL100907) control trials and 62 + 3 (SEM)/ 55 + 3 (SEM) (5-
HT/MDL100907) drug trials per one of the decision conditions (i.e., the average neuron
was recorded for 268 + 12 (SEM) / 248 + 14 (SEM) (5-HT/MDL100907) trials: two
decision conditions for control and drug conditions, respectively). Further, we
guantified the delta response, which is a neuron’s selectivity to the preferred
numerosity/decision by calculating the difference between the normalized activity for
the preferred and the nonpreferred stimulus separately for control conditions and drug

application trials in the same analysis window as used for the ANOVA.

2.7.6 Single-Cell and Population Responses

For plotting single-cell spike density histograms, the average firing rate in trials with
one of the three different reference numerosities (correct trials only) was smoothed
with a Gaussian kernel (bin width of 200 ms, steps of 1 ms). For the population
responses, discharge rates of trials with rule cues signifying the same decision were
averaged. A neuron’s preferred numerosity was defined as the numerosity yielding the
higher average spike rate in the analysis window used for the ANOVA. The
nonpreferred numerosity was defined as the numerosity resulting in lowest average

spike rate. Neuronal activity was normalized by subtracting the mean baseline (first
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350 ms of fixation period) firing rate in the control condition and dividing by the standard

deviation of the baseline firing rates in the control condition. For population histograms,
normalized activity was averaged and smoothed with a Gaussian kernel (bin width of
200 ms, step of 1 ms).

2.7.7 Drug Modulation Index

To determine if drug induced modulation of a neuron’s discharge rate was dependent
on the neurons stimulus preference, we calculated a drug modulation index (Ml) for
each neuron, separately for the preferred and the nonpreferred numerosity. The Mi
was computed by first subtracting the mean baseline spike rate (350 ms fixation period
preceding reference presentation) from each trial separately for control and drug
conditions and dividing by the standard deviation of baseline spike rates to account for
general shifts in baseline spike rates induced by the drugs. Next, we calculated the Ml
for the preferred numerosity defined as the difference between the mean response to
the preferred numerosity in the drug condition and the mean response to the preferred
numerosity in the control condition for each neuron. The MI for the nonpreferred
numerosity was calculated in the same way. Thus, the Ml reflects the amount by which
the drug modulates the preferred or the nonpreferred numerosity, respectively, in
comparison to the neuron’s baseline activity. We conducted this analysis for neurons,

recorded in 5-HT sessions and MDL100907 sessions separately.
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2.7.8 Receiver Operating Characteristic Analysis
We used receiver operating characteristic (ROC) analysis derived from Signal
Detection Theory (Green and Swets, 1966) to quantify coding strength. The ROC

A Threshold Figure 2.8: Schematic of receiver operating

- i characteristic. A) The ratio of hits and false alarms of two
distributions (dashed and solid lines) depend on adjustable threshold
(red line). B) The ratios plotted against each other result in the ROC.
The ROC1 depicts two indistinguishable distri-butions, whereas both
Distribution 2 distributions responsible for the ROC2 share only some overlap. Area
under the ROC = AUROC

Distribution 1

B
1 +
0.8 p
- 0.6 v
= 044 s
024/
o AR eoel

0 02040608 1
False alarm rate

denotes the ratio between correct detections and false alarms (‘detection’ of non-
existing stimuli) under different detection thresholds (Figure 2.8 A). Afterwards, the
area under the receiver operating characteristic (AUROC) is determined (Figure 2.8
B), which value represents the probability of a correct decision between target and
noise when judged by an ideal observer. This means, when AUROC is 0.5, both
distributions are not distinguishable, whereas values of 1 indicate perfect
discriminability. First developed as a tool during World War Il for unbiased
discrimination between targets and noise by radar engineers, today, the AUROC is a
widely used nonparametric measure to discriminate between two distributions. In this
study AUROCs were used to quantify numerosity/decision coding quality. Therefore,
we calculated the AUROC for each neuron using the spike rate distributions of the
preferred and the nonpreferred numerosity/decision in the same analysis window used
for the ANOVA.
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2.7.8.1Sliding ROC analysis

To determine any temporal effect of drug modulation on coding strength we performed

a sliding ROC analysis for each selective neuron separately for control conditions and
drug application trials. All numerosity-selective or decision-selective neurons entered
the analysis. The AUROC comparing neuronal activity between preferred and non-
preferred numerosity/decision was calculated for 100 ms long windows stepped in 10
ms increments. For numerosity-selective neurons in the reference phase, analysis
started at the start of the trial (1 ms) and was conducted until reference offset (1000
ms), numerosity-selective neurons in the delay phase were investigated for temporal
modulation effects starting at reference onset (501 ms) until delay offset (2000 ms).
For both numerosity and decision coding strength in test phase the overall analysis
window started in the second half of the delay (1501 ms) and lasted until the first half
of the decision phase (3000 ms). Cells which were selective for either test numerosity
or decision were investigated in the window starting with test onset (2001 ms) and
ending after decision phase offset (3500 ms). To identify the latency of a neuron, that
is the time point the neuron gets selective, we applied a permutation test. Therefore,
we estimated the null-distribution by randomly shuffling labels of preferred and non-
preferred groups and recalculating the AUROC 1000 times for each 100 ms window of
the sliding window analysis. The latency of a neuron was defined as the first time point
the actual AUROC value was larger than 95 % of the null-distribution in at least 3
consecutive windows (control for multiple comparisons). However, we only considered
latencies within the time window a given neuron was identified as selective by the
above described ANOVAs (Sections 2.7.3, 2.7.4 and 2.7.5). So, significant AUROC
deviations from the null-distribution of neurons, selective during the reference phase,
were only considered when they existed after reference onset. This was also true for
all other analysis windows (delay latencies had to be later than 1001 ms, test latencies
> 2001 ms, decision phase latencies > 2501 ms). The latency lengths were calculated
from the start of the sliding window analysis window. Neurons of which no latency could

be computed were excluded from the analysis.
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2.7.9 Sliding-window w? PEV analysis

We investigated the temporal variation of information about task factors namely
reference numerosity, test numerosity and decision type within a neuron’s discharge
rate. To this end, we calculated omega square percentage explained variance (w?
PEV) individually for each neuron and separately for drug-application and control
condition trials using one-way ANOVAs for each factor respectively in a sliding window
fashion (200 msec in 20 msec steps). The measure w? PEV reflects how much of the
variance of a neuron’s discharge rate can be explained by the respective task factor
(e.g. reference numerosity). As w? PEV is calculated using unbiased variance
components the resulting values remain unbiased. Nevertheless, PEV values vary
depending on the number of trials included in the analysis. Therefore, we balanced
trial numbers over factor levels, employing only the minimum trial number across
groups. However, we did not want to exclude trials of factor levels with more than
minimum trials so repeated measurement 100 times, drawing a random subset of trials
and calculating the PEV. The mean of the resulting 100 values was taken as overall
statistic (Buschman et al., 2011; Jacob and Nieder, 2014). Cells with less than 30 trials
in either iontophoresis condition did not enter the analysis. We identified the time points
in a trial where individual cells carried significant information about the task factors by
the means of a randomization test. We shuffled group membership labels and firing
rates randomly and recalculate the w? PEV. This process was repeated 1000 times for
each time window of the sliding window analysis (0 - 3700 msec, 200 msec in 20 msc
steps) which resulted in a null-distribution for each analysis window and iontophoresis
condition. When compared to the null-distribution the actual PEV values had to be
larger than 95 % of the null distribution in at least 5 consecutive windows (control for
multiple comparisons) for the neuron to be considered selective for the respective task
factor. Possible drug-induced differences between information content were
determined with a bin-wise Wilcoxon paired signed rank test (alpha 0.05). To control

for multiple comparison at least 5 consecutive bins had to be significantly different.
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3 Results

To investigate the role of 5-HT in two different cognitive processes (visual working
memory and decision making) in the lateral PFC, we trained two monkeys on an
abstract numerical comparison task. The monkeys had to detect the number of items
on a reference stimulus (reference), maintain the numerical information in working
memory during a delay period and make a decision after being presented with a
second stimulus (test) whether the numerosity matched the first stimulus (“same”) or
not (“different”) (Figure 2.2).

3.1 Performance

53 behavioral sessions of monkey E and 75 behavioral sessions of monkey Y entered
analysis. The maximum number of trials was 300 for monkey E with an average of 182
trials £ 11 [SEM] per session. In total 10934 trials of monkey E entered the analysis of
which 10283 were solved correctly. Monkey Y solved 43872 out of 47084 trials
correctly. The maximum number of trials was 661 with an average of 346 + 15 [SEM]
trials per session. Monkeys proficiently decided whether the second numerosity (test)
matched the reference (monkey E 94% + 0.41 [SEM] correct, monkey Y 93% + 0.26
[SEM] correct).

To ensure the assessment of numerosity rather than low-level visual features we
employed control stimuli, with equal total area and average density of all dots within a
trial. Control protocol trials were shown equally often as standard trials in a
pseudorandomized order. The monkeys performed for all protocol and rule types well
above chance level (monkey E: psw < 0.001, pcrr < 0.001, pred < 0.001, poiue < 0.01;
monkey Y: pstd < 0.001, pctr < 0.001, pred < 0.001, poive < 0.01, binomial test against
chance performance 0.5). The monkeys performances differed significantly across
stimulus protocols (standard/control, Figure 3.1 A, pmonkey e = 0.0469, t value = 2.0361,
n = 53, pmonkey Y < 0.001, t value = -4.4168, n = 75 ,both paired t test) but not for rule
cues (red/blue, Figure 3.1 A, pmonkey E = 0.7385, t value = -0.3356, n = 53, pmonkey Y =
0.8355, t value = 0.2084, n = 74, both paired t test). Figure 3.1 B shows the probability
the second presented numerosity (test) was judged to match the numerosity shown as
reference, so called behavioral performance functions. Thus, each curve shows the

performance for “same” trials (reference and test showed equal quantities, curve
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peaks) and the percentage of error trials in “different” trials (reference and test showed
different quantities, non-peak values). The behavioral performance functions display
the numerical distance effect (Nieder and Dehaene, 2009). Monkeys made more
mistakes when the numerosity was closer in value, e.g. animals misjudged test
numerosity three to be equal to reference numerosity one more often than test

numerosity nine (Figure 3.1 B orange curves).
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Figure 3.1: Behavioral Performance A) Percentage of correct trials for both monkeys (monkey
E — left, monkey Y — right) for stimulus protocol (first and third bar graphs) and rule cue (second and
fourth bar graphs). Performances for each protocol and rule type were significantly (all 8 p-values <
0.001) better than chance level (the dotted line indicates chance performance at 50%). B) Behavioral
tuning curves for both monkeys (monkey E — left, monkey Y — right). Colors correspond to the reference
numerosity. The curves show how often the animals judged the test numerosity to match the reference
numerosity. Thus, peak values depict percentages for correct choices in “same” trials while other values
show the percentages of erroneous choices in “different” trials.

3.2 Recordings

We recorded single cell activity in the lateral PFC and simultaneously applied
serotonergic agents in proximity of the recorded cell using microiontophoresis while
monkeys performed the task (Figure 2.4). Trial blocks with (drug condition) and without

(control condition) pharmacological manipulations alternated (repeatedly) within one

recording session (Figure 2.7). All recording sessions started with a control condition
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block. We used one of two substances each session, either 5-HT or the 5-HT2A

receptor antagonist MDL100907. Physiological saline solution (0.9% NacCl) was used
for control experiments. We recorded 487 randomly selected neurons in total (180 from
monkey E, 307 from monkey Y). Analyses were restricted to tasks phases before the

rule cue presentation, ensuring all signals to be free of preparatory motor activity.

3.3 5-HT Application but not 5-HT2A Blockage Modulated Baseline
Activity.

218 single neurons from the lateral PFC of two macaque monkeys (78 from monkey
E, 140 from monkey Y) entered the analysis. We compared fixation period activity of
the first drug application phase with the discharge rates during the fixation period of
the first control condition. The discharge rates were assessed during the first 350 ms
of the fixation period, to avoid including anticipation signals of visual input. 5-HTR
stimulation significantly reduced baseline activity (Figure 3.2 A, AFR =-0.62 Hz, p =
0.007, n = 110, Wilcoxon test). No modulation of baseline activity was found after
blockage of 5-HT2AR through MDL100907 application (Figure 3.2 B), AFR =-0.3 Hz,
p = 0.525, n = 86, Wilcoxon test) nor after applying NaCl solution as a control (Figure
3.2 C, AFR =+0.16 Hz, p = 0.39, n = 22, Wilcoxon test). Figure 3.2 D (left and middle
panel) shows the time-dependent baseline modulations aligned to onset (left) and
offset (middle) of drug-application, that differed significantly for 5-HT (Figure 3.2 D,
right panel, p = 0.0041, n = 110, Wilcoxon test against 0). In sum, 5-HTR stimulation
decreases excitability. However, this effect seemed to be less conveyed by the 5-

HT2AR, as its blockage showed no significant effect on the baseline activity.
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Figure 3.2: Baseline Modulation A) Comparison of average baseline spike rates of individual
neurons during the first block of 5-HT application and first control condition block (left panel) and mean
baseline spike rates during the first block of 5-HT application and first control condition block (right
panel). 5-HT decreased baseline spike rates significantly. C, control condition; D, drug condition B)
Same conventions as in (A), showing that MDL100907 showed no effect on baseline spike rates. C)
Same conventions as in (A), showing that NaCl did not change baseline spike activity. D) Time-
dependent drug effects (wash-in and wash-out effects for the first onset and offset of drug application)
on normalized baseline activity for all neurons aligned to first onset (left) and first offset (middle) of drug
application. Mean spike rate difference for drug and control conditions (right, first drug application block).
Both MDL100907 (green bar) and NaCl (blue bar) show no significant effect on baseline firing rate
whereas 5-HT (red bar) reduced baseline activity significantly (p < 0.05, Wilcoxon signed rank test).
Error bars represent SEM, n denotes sample size, p values of Wilcoxon signed rank tests.

3.3.1 5-HT application reduces numerosity-selectivity during reference
presentation in single cells.

To investigate the role of the serotonergic system during the visual presentation of the
reference numerosity, we identified numerosity-selective neurons recorded during
sessions with 5-HT and MDL100907 application as well as during control experiments
with NaCl using a 3-way ANOVA (main factors: numerosity (1,3 or 9), stimulus protocol
(standard or control) and drug condition (control or pharmacological application)). We
identified 22 (21%, Figure 3.3 A) merely numerosity-selective cells recorded in
sessions with 5-HT, 16 (16%, Figure 3.3 B) in sessions with MDL100907 and 3 (14%,
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Figure 3.3 C) during the control experiments with NaCl application. Figure 3.4 A

shows a numerosity-selective neuron with decreased numerosity-selectivity during 5-
HT application (preferred numerosity = 3, red trace). 5-HT did not alter preference
order but reduced discharge rates differences between presented reference

A 5HT BMDL100907 C NaCI

= 3 S =
fn= 22 i) = 16
not task %ot task ‘not task

related related related

@ numerosity- protocol-
selective modulated

Figure 3.3: Number of recorded neurons that were numerosity-selective during
the reference phase recorded in session with A) 5-HT application, B) MDL100907 application and C)
in control experiments with NaCl.

numerosities (Figure 3.4 A, right panel). This neuron also shows a strong decrease in
discharge rate for the second-preferred numerosity (numerosity 1, orange trace) during
reference presentation. Panel B shows a numerosity-selective example neuron
recorded during control conditions (left panel) and during MDL100907 application
(middle panel). Blockage of 5-HT2A receptors showed no significant modulation of
numerosity-selectivity, which is also evident in the tuning curves. The small decrease
in neuronal activity for all numerosities is not significant. We found no modulatory effect
of NaCl application on numerosity selectivity of the example neuron presented in
Figure 3.4 C. Neuronal activity for the different numerosities did not change between
control conditions (left) and NaCl application trials (middle). The tuning curve for NaCl
application (blue curve) shows a small increase for the second preferred numerosity

(numerosity 9) but this modulation is not significant.
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Figure 3.4. Responses of
three reference numerosity-
selective example cells in

the reference phase A) Dot
raster (top: each dot represents an
action potential, each line a trial,
trials sorted after presented
numerosity in the reference phase,
colors indicate numerosities: orange
— numerosity 1; red — numerosity 3;
brown — numerosity 9) and spike-
density histogram (bottom) of a
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numerosity-selective single neuron
recorded during fixation phase,
reference presentation and first half
of delay 1, separated for control
conditions (left panel) and 5-HT
application (middle panel). After 5-
HT application, numerosity-
selectivity was decreased. Gray
shaded area depicts the analysis
window. Right panel shows the
averaged discharge rates for all
numerosities of the same single
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3.3.2 The Population of Numerosity-Selective Neurons show decreased
numerosity coding during the reference phase after 5-HT
Application

A decrease in numerosity-selectivity, as seen in the example cell in Figure 3.4 A, was
also evident for the whole population of numerosity-selective neurons recorded during
control conditions and 5-HT application (Figure 3.5 A). For comparison, discharge
rates for preferred (red trace) and nonpreferred (blue trace) numerosity stimulus were
normalized to control baseline and averaged separately for control (Figure 3.5 A left)
and drug trials (Figure 3.5 A right). The reduced numerosity-selectivity was due to
reduced discharge rates for preferred stimuli as evident in the tuning curves (Figure
3.5 B, lower panel, black: averaged normalized response during control conditions, red
curve: averaged normalized response during drug application). To study the impact of
5-HT on preferred and nonpreferred stimuli in more detail, we calculated the
modulation index (Figure 3.5 B, upper panel). Modulation was not significant (mean
MiInNonpreferred = -0.015 £ 0.113, mean Mlpreferred = 0.064 £0.102 [SEM], p = 0.17, n = 22,
Wilcoxon paired test). We used receiver operator characteristics to assess the quality
of coding in numerosity-selective neurons. The area under the curve (AUROC) was
computed for control conditions and 5-HT application separately using the same
analysis window as used in the ANOVA (see Section 2.7.3). Application of 5-HT
decreased numerosity coding strength (AUROC) in 68 % (15/22) of all numerosity-
selective cells recorded with 5-HT (Figure 3.5 C, AAUROC = + 0.039 + 0.017 [SEM],
p =0.042,n =22, Wilcoxon test). 5-HT2A blockage by MDL100907 application showed
no effect on numerosity-selectivity during reference presentation in the population of
reference-selective neurons (Figure 3.5 D-F), similar to what is shown for an example
cell (Figure 3.4 B). Even though the averaged normalized discharge is reduced overall
during MDL100907 application (Figure 3.5 E lower panel) MDL100907 had no effect
on the MI (Figure 3.5 E upper panel, mean MInonpreferred = 0.1634 + 0.0635, mean
Mlpreferred = 0.1905 £ 0.0861 [SEM], p = 0.17, n = 22, Wilcoxon paired test) nor on
AUROCs (Figure 3.5 E AAUROC =-0.012 + 0.02 [SEM], p = 0.501, n = 16, Wilcoxon
test). Further, we checked for iontophoresis-current induced effects by conducting the
same analyses with data from control experiments with NaCl (Figure 3.5 G-I). We find
no effects of applied current on Ml (mean MIinonpreferred = -0.0433 £ 0.0418, mean
Mlpreferred = 0.0072 + 0.0864 [SEM], p = 0.75, n = 3, Wilcoxon paired test) or coding
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strength (Figure 3.5 | AAUROC = - 0.047 = 0.019 [SEM], p = 0.25, n = 3, Wilcoxon

test).
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Figure 3.5: Modulation of numerosity-selective Neurons by 5-HT. A) Normalized
(to baseline of control conditions) responses averaged over all numerosity-selective neurons for
preferred (red trace) and nonpreferred (blue trace) numerosity, separated for control conditions
(left panel) and 5-HT application (right panel; trace for second preferred numerosity not shown).
Inset shows differences between normalized responses AR of preferred and nonpreferred
numerosity for control conditions (black bar) and 5-HT application (gray bar). B) Lower panel
shows averaged normalized tuning curves for all numerosity-selective neurons separately for
control conditions (black curve) and 5-HT application (red curve). The normalized response for
the preferred stimulus is decreased during 5-HT application, whereas the activity for the
nonpreferred stimulus stayed the same.



L

46

Upper panel: 5-HT application showed no significantly different effect on preferred (red bar) and
nonpreferred (blue bar) stimuli modulation. C) Distribution of AUROCSs of all numerosity-selective
neurons recorded during control and 5-HT application (left panel, each dot represents one neuron,
red dot depicts example neuron from Figure 3.4 A)). AUROCs were decreased during 5-HT
application in comparison to control conditions in most numerosity-selective neurons (p = 0.042).
The average AUROC (right panel) was significantly decreased during 5-HT application (gray bar)
compared to control conditions (black bar). C, control conditions; D, drug conditions. D) Same
conventions as in A) for numerosity-selective neurons recorded in sessions with MDL100907
application. E) Same conventions as in B) for numerosity-selective neurons recorded in sessions
with MDL100907 application (green curve). F) Distribution of AUROCSs of all numerosity-selective
neurons recorded during control conditions and MDL100907 application (each dot represents one
neuron; green dot depicts example neuron from Figure 3.4 B). Inset shows mean AUROCs for
control and MDL100907 conditions. MDL100907 application showed no effect on numerosity
selectivity during sample presentation (p = 0.501). G) Same conventions as in A) for numerosity-
selective neurons recorded in control experiment with NaCl application. H) Same conventions as in
B) for numerosity-selective neurons recorded in sessions with NaCl application (blue curve). I) Same
conventions as in C) for numerosity-selective neurons recorded in control experiments with NaCl
(each dot represents one neuron; blue dot depicts example neuron from Figure 3.4 C). No effect on
numerosity selectivity was found.

3.3.3 Temporal Dynamics of Reference Coding Strength in the
Reference Phase

A sliding window ROC analysis was used to study the emergence and temporal
progression of numerosity coding during reference presentation phase (Figure 3.6 A-
C). Therefore, an analysis window from the start of the fixation period until the end of
the reference presentation (as described in Section 2.7.8.1), was analyzed with a
sliding window of 100 ms in 10 ms steps. We calculated the AUROC between the
preferred and nonpreferred numerosity for each window. As expected, we found
numerical coding strength increased after reference onset for control conditions
(Figure 3.6 A, left, black curve) and 5-HT application (red curve). Coding quality was
maintained throughout reference presentation without visible differences between
control and 5-HT conditions. Further, we tested whether 5-HT had an influence on the
time point a cell became numerosity-selective by the means of a permutation test.
Therefore, we estimated the null distribution by recalculating the AUROC 1000 times
with randomly shuffled reference numerosity labels for each sliding window. A neuron’s
latency was defined as time point the actual AUROC value was larger than 95 % of the
null distribution for at least three consecutive windows, starting from reference onset.
The individual latencies were then compared with a Wilcoxon paired test between drug
and control conditions. We found that 5-HT had no effect on numerosity-selective

neurons’ latencies in the reference phase (Figure 3.6 A, right panel, black bar: control
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conditions latency, mean latency 673 + 17 ms, red bar: 5-HT application trials, mean
latency 647 £ 13 ms, p = 0.745, n = 21, Wilcoxon paired test). We conducted the same
analysis for numerosity-selective neurons recorded during MDL100907 application
(Figure 3.6 B) and control experiments with NaCl (Figure 3.6 C). We find that no
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Figure 3.6: Temporal dynamics of numerosity-selectivity in the reference phase

is not modulated by serotonergic agents A) Sliding ROC analysis depicting the temporal
dynamics of numerosity-coding strength of control condition trials (left, black curve) and 5-HT application
trials (red curve) from trial on set until the end of the reference phase. The gray bar represents the onset
of the reference phase. The latency of numerosity coding was unchanged (right panel). Colored shaded
area depicts the SEM. B) Same conventions as in A) for numerosity-selective cells recorded in sessions
with MDL100907 application. C) Same conventions as in A) for numerosity-selective cells recorded in
sessions with the control substance NaCl.

substance modulated the temporal evolution of coding strength (Figure 3.6 B: control
condition, black bar, mean latency 668 + 18 ms, MDL100907 application trials, green
bar, mean latency 671 £ 21 ms, p = 0.91, n = 13, Wilcoxon paired test; Figure 3.6 C:
control conditions, black bar, mean latency 644 + 43 ms, NaCl application trials, blue

bar, mean latency 691 + 55 ms, p = 1, n = 3, Wilcoxon paired test).
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3.4 5-HT2A receptor blockage enhances numerosity-selectivity during
first working memory period.

Next, we investigated numerosity selectivity during delay 1, to determine the role of the
serotonergic system in maintaining numerical information in working memory. We used
a three-way ANOVA (main factors: numerosity (1,3 or 9), stimulus protocol (standard
or control) and drug condition (control or pharmacological application)) to identify
numerosity-selective neurons in this task-phase. In sessions with 5-HT application we
found 16 (15%) numerosity-selective neurons (Figure 3.7 A), likewise in sessions with
MDL100907 application (16%, Figure 3.7 B). During control experiments with NaCl, 7

(32%) neurons were numerosity-selective (Figure 3.7 C).

Figure 3.8 shows three numerosity-selective example neurons. The first neuron
A sur BMDL100907 C Nacl

Y //
n -
% 16
ot task not task not task

related related related

[ numerosity- protocol-
selective modulated

Figure 3.7: Number of recorded neurons that were numerosity-selective during the
working memory phase recorded in session with A) 5-HT application, B) MDL100907 application and C)
in control experiments with NaCl.

(Figure 3.8 A) was recorded during control conditions (left panel) and 5-HT application

(middle panel). It differentiated between the different reference numerosities equally

for control conditions and while 5-HT was applied. The tuning curve showed only

marginal differences for the average spike rates of control conditions (black curve) and

5-HT application trials (red curve). The example cell in Figure 3.8 B shows a neuron

with increased numerosity-selectivity during MDL100907 application. Numerosity

tuning was weak during control conditions but improved highly during 5-HT2A blockage

by an activity decrease for the second-preferred stimulus (red curve, numerosity = 3)

and an even stronger reduction of response activity for the nonpreferred stimulus

(brown curve, numerosity = 9). A cell recorded during control experiments with NaCl

showed no change in numerosity tuning (Figure 3.8 C).
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Figure 3.8: Responses of
three reference numerosity-
selective example cells in

the delay phase A) Dot raster
(top) and spike-density histogram
(bottom) of an example neuron,
numerosity-selective in delay 1,
recorded during control conditions
(left) and 5-HT application (middle).
5-HT did not affect numerosity
coding. The tuning curve (right
panel) shows no change in average
firing rates during 5-HT application
(red curve) compared to control
conditions (black curve). B) Dot
raster and spike-density histogram
(bottom) of a numerosity-selective
single neuron during delay 1,
separately for control conditions (left
panel) and MDL100907 application
(middle panel). After MDL100907
application, numerosity-selectivity
was increased. Right panel shows
the averaged discharge rates for all
numerosities of same single neuron
separately for control conditions
(black curve) and MDL100907
application (green curve). 5-HT2A
blockage enhanced differences
between discharge rates for different
numerical stimuli. Gray shaded area
depicts analysis window. C) Dot
raster (top) and spike-density
histogram (bottom) of an example
neuron, numerosity-selective in
delay 1, recorded during control
conditions (left) and NaCl application
(middle). Saline did not affect
numerosity coding. The tuning curve
(right panel) shows a slight increase
in the average firing rate for the
second preferred numerosity during
control experiments (blue curve)
compared to control conditions
(black curve).

3.4.1 5-HT2A blockage increases reference encoding in the delay

Next, discharge rates for the preferred (red trace) and nonpreferred (blue trace)

numerosity were normalized to control baseline and averaged for the population of
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numerosity-selective neurons to investigate population responses (Figure 3.9) in the

delay. This was done for both serotonergic substances and control experiments with
NaCl. 5-HT did not modulate numerosity coding in the population of selective neurons
in delay 1. Figure 3.9 A shows the normalized discharge rates during control
conditions (left) and drug conditions (right). 5-HT did not affect firing rate differently
depending on preference (Figure 3.9 A inset, B) (mean MIinonpreferred = - 0.0044 +
0.0625, mean Mlpreferred = - 0.0726 = 1086 [SEM], p = 0.605, n = 16, Wilcoxon paired
test). Further, effects on coding strength were not consistent within the selective
population (Figure 3.9 C, AAUROC = - 0.0145 = 0.027 [SEM], p =0.605, n = 16,
Wilcoxon paired test). Regarding MDL100907, blockage of 5-HT2A receptors did not
modulate the averaged normalized response for the preferred stimulus (red trace,
Figure 3.9 B). Further, we did not find significant differences in modulation strength on
preferred and nonpreferred stimuli (Figure 3.9 D, mean Mlpreferred = -0.031 + 0.075
[SEM]; mean Minonpreferred = 0.076 £ 0.043 [SEM], p = 0.088, n = 16, Wilcoxon paired
test between Mis for preferred and nonpreferred reference numerosities). MDL100907
application increased numerosity-selectivity in 75% (12/16) of numerosity-selective
cells during the delay 1 phase (Figure 3.9 C, AAUROC = - 0.049 + 0.020 [SEM],
p =0.044, n = 16, Wilcoxon paired test). Control experiments with NaCl exhibited no
modulation of discharge rates (Figure 3.9 H,I , mean MiInonpreferred = -0.0524 + 0.0396
[SEM], mean Mlpreferred = -0.0044 + 0.0662 [SEM],p = 0.219, n = 7, Wilcoxon paired
test) or AUROCs of numerosity coding (Figure 3.9 F, AAUROC = - 0.0151 + 0.008
[SEM], p = 0.219, n = 7, Wilcoxon paired test).
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Figure 3.9: MDL100907 increases numerosity coding during working memory

phase A) Normalized (to baseline of control conditions) responses averaged over all numerosity-
selective neurons in delayl for preferred (red trace) and nonpreferred (blue trace) numerosity,
separated for control conditions (left panel) and 5-HT application (right panel; trace for second
preferred numerosity not shown). Inset shows differences between normalized responses AR of
preferred and nonpreferred numerosity for control conditions (black bar) and 5-HT application (gray
bar). B) The lower panel shows that the averaged normalized tuning curves (bottom) for all
numerosity-selective neurons recorded during 5-HT application (red curve) and control conditions
(black curve). The average activity was increased for the preferred stimulus whereas activity for the
second preferred stimulus was decreased compared to control conditions. Modulation Indices (top)
were increased for both preferred (red bar) and nonpreferred (blue bar) numerosity. C) The
distribution of AUROCSs of all numerosity-selective neurons recorded during control conditions and
5-HT application (each dot represents one neuron, red dot depicts single neuron from Figure 3.8
A) shows that 5-HT application did not change coding quality od numerosity-selective cells during
delay 1 (p = 0.605, n = 0.605, n = 16, Wilcoxon paired test).
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D) The average normalized response of all numerosity-selective neurons shows a decrease for the
nonpreferred (blue trace) but not for the preferred (red trace) numerosity (trace for second preferred
numerosity is not shown) after MDL100907 application (middle panel) in comparison to control
conditions (left panel). This difference is not selective (Inset p = 0.07, control conditions: black bar,
MDL100907 application: gray bar). E) The lower panel shows that the averaged normalized tuning
curves (bottom) for all numerosity-selective neurons are decreased for the 2" and nonpreferred
numerosities during MDL100907 application (green curve) when compared to control conditions (black
curve). Modulation Indices (top) were increased for both preferred (red bar) and nonpreferred (blue
bar) numerosity. F) AUROCSs of numerosity-selective neurons were increased during MDL100907
application in comparison to control conditions in most numerosity-selective neurons (left panel, each
dot represents one neuron, green dot depicts single neuron from Figure 3.8 B), p = 0.044, n = 16,
Wilcoxon paired test). The average AUROC was significantly decreased during MDL100907
application (gray bar) compared to control conditions (black bar). G) The average normalized response
of all numerosity-selective neurons recorded during control conditions (left) and control experiments
with NaCl (right) for the nonpreferred (blue trace) and preferred (red trace) numerosity (trace for
second preferred numerosity is not shown). NaCl did not change spike rates (Inset p = 0.38, control
conditions: black bar, NaCl application: gray bar). H) The lower panel shows that the averaged
normalized tuning curves (bottom) for all numerosity-selective neurons are increased for the
nonpreferred numerosity during NaCl application (green curve) compared to control conditions (black
curve). Modulation Indices (top) were decreased for the nonpreferred (blue bar) numerosity. I)
AUROCs of numerosity-selective neurons were unchanged during NaCl application in comparison to

3.4.2 Reference-Selectivity Latencies are unaffected in the delay phase

We conducted a similar sliding window ROC analysis as in Section 3.3.3 again to
study the temporal progression of numerosity coding but for the population of
numerosity-selective neurons in the delay phase (Figure 3.10 A-C). The respective
delay analysis window (reference onset until delay offset, see Section 2.7.8.1) was
analyzed with a sliding window of 100 ms with 10 ms increments. The AUROC was
calculated between the preferred and nonpreferred numerosity for each window.
Numerical coding strength increased after reference onset for control conditions
(Figure 3.10 A, left, black curve) and 5-HT application (red curve) and was maintained
during the delay without visible differences between control and 5-HT conditions. The
permutation test revealed no differences between the selectivity latencies of control
and 5-HT application trials (Figure 3.10 A, right panel, black bar: control conditions
latency, mean latency 708 + 61 ms, red bar: 5-HT application trials, mean latency 764
+ 63 ms, p = 0.765, n = 14, Wilcoxon paired test). There was also no significant
difference in latencies for neither MDL100907 (Figure 3.10 B: control condition, black
bar, mean latency 726 + 58 ms, MDL100907 application trials, green bar, mean latency
630 £ 37 ms, p = 0.233, n = 15, Wilcoxon paired test) nor for control experiments with
NaCl (Figure 3.10 C: control conditions, black bar, mean latency 861 + 142 ms, NaCl
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application trials, blue bar, mean latency 899 + 72 ms, p = 0.628, n = 5, Wilcoxon paired
test).
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Figure 3.10: Temporal dynamics of numerosity-selectivity in the delay phase is not

modulated by serotonergic agents A) Sliding ROC analysis depicting the temporal dynamics of
numerosity-coding strength of control condition trials (left, black curve) and 5-HT application trials (red
curve) from reference onset until the end of the delay phase. The gray bar represents the onset of the
delay. The latency of numerosity coding was unchanged (right panel). Colored shaded area depicts the
SEM. B) Same conventions as in A) for numerosity-selective cells recorded in sessions with MDL100907
application. C) Same conventions as in A) for numerosity-selective cells recorded in sessions with the
control substance NaCl.

3.4.3 MDL100907 decreases information about the reference during its
visual presentation

To explore the temporal dynamics of reference information processing, we conducted
a sliding-window w? PEV analysis. Therefore, we calculated the w? PEV value for
reference in overlapping 200 ms windows with 20 ms increments throughout the whole

trial, separately for drug-application trials and corresponding control conditions for
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each recorded neuron (see Section 2.7.9). ). Bars above the curves denote time bins
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in which the respective information was significantly different between drug application
and control conditions (paired Wilcoxon signed rank test, p = 0.05, black bar:
information was larger in control trials, colored bar: information was smaller in control
trials). Figure 3.11 A shows the reference information during control conditions (black
curve) and 5-HT application trials (red curve) of an example neuron. After reference
on-set information increases rapidly for both iontophoresis conditions and decreases
again, after reaching a peak mid-reference presentation. Next, we looked at the
modulation effect on reference information within the whole population of neurons,
recorded in sessions with 5-HT application (Figure 3.11 B). Information peaks shortly
after reference numerosity presentation onset for both, 5-HT application trials and
control conditions, but drops by half after stimulus off-set. When averaged over all
recorded neurons with 5-HT, we see no difference between reference information of
control and 5-HT application trials (Figure 3.11 B). Figure 3.11 C shows an example
neuron, which’s information about the reference numerosity is decreased during
application of MDL100907 in comparison to control trials. On a population level
temporal dynamics were similar to cells recorded with 5-HT. Reference information

peaked after onset of the reference presentation (Figure 3.11 D), however, it
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decreased rapidly again in MDL100907 trials compared to control conditions which
altered information significantly between MDL100907 and control trials. During the
delay reference information remained stable for both iontophoresis conditions. To
control whether the applied iontophoretic currents had any influence on a cell’s
information we looked at our population of cells recorded under control conditions and

NaCl application. The sliding window w? PEV analysis of an example cell regarding
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Figure 3.11: MDL100907 decreases reference information during visual

presentation. A) Sliding window w? PEV of an example cell showing control trials (black curve) and
5-HT application trials (red curve) quantifying information about the reference numerosity across a
factor-relevant task period of an example neuron. B) Average sliding window w? PEV of control trials
(black curve) and 5-HT application trials (red curve) quantifying information about the reference
numerosity across a factor-relevant task period of all neurons, recorded in sessions with 5-HT
application. Dashed lines show mean PEV values of null distribution respectively for control trials (black
line) and 5-HT application trials (red line). C) Sliding window w? PEV of control trials (black curve) and
MDL100907 application trials (green curve) quantifying information about the reference numerosity
across a factor-relevant task period of an example neuron. D) Average sliding window w? PEV of control
trials (black curve) and MDL100907 application trials (green curve) quantifying information about the
reference numerosity across a factor-relevant task period of all neurons, recorded in sessions with
MDL100907 application. Dashed lines show mean PEV values of null distribution respectively for
control trials (black line) and MDL100907 application trials (green line). Reference information is
significantly decreased during the reference phase. E) Sliding window w? PEV of an example cell
showing control trials (black curve) and NaCl application trials (blue curve) quantifying information about
the reference numerosity across a factor-relevant task period of an example neuron. F) Average sliding
window w? PEV of control trials (black curve) and NaCl application trials (blue curve) quantifying
information about the reference numerosity across a factor-relevant task period of all neurons, recorded
in sessions with NaCl application. Dashed lines show mean PEV values of null distribution respectively
for control trials (black line) and NaCl application trials (blue line). Colored/black bars above the curves
marks time bins in which information was significantly larger/smaller (p = 0.05) during drug application
trials than control trials. Colored shaded areas denote the SEM. Gray shaded rectangulars depict stimuli
presentations phases (either reference or test stimulus).
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information about the reference numerosity is shown in Figure 3.11 E. The blue curve

depicts the temporal information progression during NaCl application whereas the
black curve shows information during control conditions. For both conditions
information went up during reference presentation, declined to zero during the delay
period and went up again during, for control trials even shortly before, test numerosity
presentation. The information averaged across the whole population shows a similar
temporal profile (Figure 3.11 F). Reference information peaked during reference
presentation, went back to zero and peaked again during test numerosity presentation

without significant differences between control and NaCl conditions.

3.5 Modulation of Test-Selectivity by Serotonergic Agents
3.5.1.1Numerosity-selective population is not modulated by serotonergic
agents during presentation of the test numerosity

We determined the influence of serotonin on the population of test-numerosity-
selective neurons, during visual presentation of the second numerosity stimulus.
Therefore, we calculated a four-way ANOVA (main factors: test numerosity (1,3 or 9),
decision (same/different), stimulus protocol (standard or control) and drug condition
(control or pharmacological application)) to identify numerosity-selective single units
(significant main factor test-numerosity, no significant main factor or interaction for
protocol). We did this separately for each investigated task phase (test phase, decision
phase (Section 2.7.4)) and serotonergic agent as well as for the control experiments
with NaCl. In session with 5-HT, we found 12 (12 %) neurons which selectively
encoded the test numerosity in the test phase (Figure 3.12 A). Stimulation of 5-HT
receptors seemed to have no influence on the average firing rate of the whole selective
population (Figure 3.12 A, right panel). Further, 5-HT application had no effect on
coding strength of test-numerosity-selective cells significantly (Figure 3.12 B,
AAUROC = 0.0047 + 0.0265 [SEM], p =1, n = 12, Wilcoxon test). We also found no
significant differences in sessions with MDL100907 application. Here, 18 (23 %) units
were test-selective (Figure 3.12 C). On average, activity for the preferred numerosity
was reduced during MDL100907 application (Figure 3.12 C right) but this had no
consistent effect on test-selectivity (Figure 3.12 D, AAUROC = - 0.0112 + 0.0152
[SEM], p=0.396, n = 18, Wilcoxon test). We also looked at the population of
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numerosity-selective cells recorded in control experiments with NaCl (Figure 3.12 E).
NaCl had no effect on average firing rates (Figure 3.12 E right) nor on coding-strength
(Figure 3.12 F, AAUROC =-0.0199 £ 0.0124 [SEM], p = 0.563, n = 6, Wilcoxon test).

The gray shaded area depicts the phase of interest.
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Figure 3.12: Test numerosity-selectivity in the test phase is not modulated

by serotonergic agents A) Averaged normalized responses of the population of neurons,
which were test numerosity-selective in the test phase for the nonpreferred (blue trace) and
preferred (red trace) decision during control conditions (left panel) and 5-HT conditions (middle
panel). The right panel shows that the averaged normalized tuning curves for all test numerosity-
selective neurons for control conditions (black curve) and 5-HT application (red curve). B) The
distribution of AUROCSs of all test numerosity-selective neurons recorded during control conditions
and 5-HT application (each dot represents one neuron) shows that 5-HT application did not
change coding quality of numerosity-selective cells during the test phase. C) Same conventions
as in A) for population of test-selective neurons recorded in sessions with MDL100907. D) Same
conventions as in B) for the population of test selective neurons recorded in sessions with
MDL100907. E) Same conventions as in A) for population of test-selective neurons recorded in
sessions with NaCl. F) Same conventions as in B) for the population of test selective neurons
recorded in sessions with NaCl.
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3.5.1.2 Test Selectivity across Time was Unaffected by Application of
Serotonergic Agents

Next, we checked whether any serotonergic substance had any effect on test
selectivity latency (Figure 3.13). We used a similar sliding window ROC analysis as
described in Section 3.3.3, this time starting 1.5 section into the trial until end of the
decision phase (3.5 sec). Selectivity increases shortly after test onset for control
conditions (Figure 3.13 A, left, black curve) and 5-HT application trials (red curve).
Afterwards it reaches its peak before decreasing slowly during the first half of the

decision phase. Cells did not reach selectivity faster when compared to control
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Figure 3.13: Temporal dynamics of test numerosity-selectivity in the test phase

is not modulated by serotonergic agents A) Sliding ROC analysis depicting the temporal
dynamics of test numerosity-coding strength of control condition trials (left, black curve) and 5-HT
application trials (red curve) beginning in the second half of the delay until the first half of the decision
phase. The gray bar represents the onset of the test. The latency of numerosity coding was unchanged
(right panel). Colored shaded area depicts the SEM. B) Same conventions as in A) for test numerosity-
selective cells recorded in sessions with MDL100907 application. C) Same conventions as in B) for test
numerosity-selective cells recorded in sessions with MDL100907 application. D) Same conventions as
in A) for test numerosity-selective cells recorded in sessions with NaCl application. E) Same conventions
as in B) for test numerosity-selective cells recorded in sessions with the control substance NaCl.



60

conditions (Figure 3.13 A, right, black bar: control conditions latency, mean latency

684 = 44 ms, red bar: 5-HT application trials, mean latency 705 + 31 ms, p = 0.482, n
= 12, Wilcoxon paired test ). Likewise, the AUROC of cells recorded during
MDL100907 application showed only small deviations from control conditions (Figure
3.13 B, left) but without modulatory effect on the temporal evolution of selectivity
(Figure 3.13 B, right, black bar: control conditions latency, mean latency 706 + 42 ms,
MDL100907 application trials, green bar, mean latency 768 + 40 ms, p = 0.199, n =
18, Wilcoxon paired test). Control experiments with NaCl showed no differences
between control conditions and NaCl application trials (Figure 3.13 C, black bar:
control conditions latency, mean latency 814 + 61 ms, NaCl application trials, blue bar,

mean latency 694 £ 70 ms, p = 0.344, n = 6, Wilcoxon paired test).

3.5.3.1Test Numerosity coding is Unaffected in the Decision Phase

We applied the same analyses for test numerosity-selective neurons in the decision
phase. First, we identified numerosity-selectivity by the means of a 4-way ANOVA
(main factors: test numerosity (1,3 or 9), decision (same/different), stimulus protocol
(standard or control) and drug condition (control or pharmacological application)). Of
all cells, recorded in session with 5-HT application 14 (14 %) neurons were test
numerosity-selective. Figure 3.14 A shows the normalized average discharge rates of
the population of test-selective neurons for control conditions (left) and 5-HT
application trials (middle) for the preferred (red curve) and nonpreferred (blue curve)
stimuli. The gray shaded area depicts the phase of interest. Differences in normalized
activity between control and drug conditions seemed to be not affected by 5-HT
application. When averaged over time activity was the same for 5-HT (red curve) and
control trials (black curve) for both preferred and non-preferred stimuli (Figure 3.14 A,
right). We also assessed coding strength with an AUROC analysis. We found no
consistent effect of 5-HT on selectivity (Figure 3.14 B, AAUROC = - 0.0335 + 0.0256
[SEM], p = 0.385, n = 14, Wilcoxon paired test). The same type of ANOVA identified
11 (14 %) test numerosity-selective neurons from session with MDL100907
application. Blockage of 5-HT2A receptors decreased the differences between the
normalized average spike rates of the preferred and nonpreferred stimuli (Figure 3.14

C, middle) in comparison to control conditions (Figure 3.14 C, left). This is also evident
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in the tuning curve (Figure 3.14 C, right). Here, the green curve (MDL100907 trials) is
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slightly decreased for the preferred and second preferred numerosity in comparison to
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Figure 3.14: Test numerosity-selectivity in the decision phase is not modulated

by serotonergic agents A) Averaged normalized responses of the population of neurons, which
were test numerosity-selective in the test phase for the nonpreferred (blue trace) and preferred (red
trace) decision during control conditions (left panel) and MDL100907 conditions (middle panel). The
right panel shows that the averaged normalized tuning curves for all test numerosity-selective neurons
for control conditions (black curve) and 5-HT application (green curve). B) The distribution of AUROCs
of all test numerosity-selective neurons recorded during control conditions and 5-HT application (each
dot represents one neuron) shows that 5-HT application did not change coding quality of numerosity-
selective cells during the decision phase. C) Same conventions as in A) for population of test-selective
neurons recorded in MDL100907 session in the decision phase. D) Same conventions as in B) for
population of test-selective neurons recorded in MDL100907 session in the decision phase. E) Same
conventions as in A) for population of test-selective neurons recorded in MDL100907 session in the
decision phase. F) Same conventions as in B) for population of test-selective neurons recorded in NaCl
session in the decision phase
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control trials (black curve). This, however, is not affecting selectivity in a significant
manner (Figure 3.14 D, AAUROC = 0.0194 + 0.0232 [SEM], p = 0.278, n = 11,

Wilcoxon paired test). In control experiments with NaCl we recorded three test-

numerosity-selective neurons in the decision phase. These cells did not alter their
activity noticeably during NaCl application (Figure 3.14 E, F, AAUROC = 0.0408 +
0.0231 [SEM], p = 0.5, n = 3, Wilcoxon paired test).
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3.5.3.2Coding Strength of Test-Selectivity is not modulated in the
Decision Phase

63

We investigated possible drug effects on the temporal progression of selectivity again
by the means of a sliding window ROC analysis combined with a permutation test. In
session with 5-HT application, selectivity increased shortly after the onset of the test
stimulus and remained at the same level throughout the decision phase for both,
control conditions and 5-HT application trials (Figure 3.15 A). When tested against an

estimated null distribution we found no differences in latencies between control and
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Figure 3.15: Temporal dynamics of test numerosity-selectivity in the decision

phase is not modulated by serotonergic agents A) Sliding ROC analysis depicting the
temporal dynamics of test numerosity-coding strength of control condition trials (left, black curve) and
5-HT application trials (red curve) beginning at the offset of the test phase until the end of the decision
phase. The gray bar represents the offset of the test. The latency of numerosity coding was unchanged
(right panel). Colored shaded area depicts the SEM. B) Same conventions as in A) for test numerosity-
selective cells recorded in sessions with MDL100907 application. C) Same conventions as in B) for test
numerosity-selective cells recorded in sessions with MDL100907 application. D) Same conventions as
in A) for test numerosity-selective cells recorded in sessions with NaCl application. E) Same conventions
as in B) for test numerosity-selective cells recorded in sessions with the control substance NacCl.
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drug conditions (Figure 3.15 A, right, black bar: control conditions latency, mean

latency 754 + 80 ms, 5-HT application trials, red bar, mean latency 688 + 37 ms, p =
0.432, n = 12, Wilcoxon paired test). Interestingly, cells recorded in MDL100907
session showed a different temporal progression of selectivity (Figure 3.15 B, left).
While the test numerosity was shown, AUROCs went down slightly for both, control
conditions and MDL100907 application trials. Selectivity started to increase only after
offset of the visual stimulus and remained heightened until the end of the decision
phase. When latencies were compared, we found no effect of MDL100907 on the
timing on selectivity evolution (Figure 3.15 B, right, black bar: control conditions
latency, mean latency 796 + 73 ms, MDL100907 application trials, green bar, mean
latency 738 £ 69 ms, p = 0.625, n = 10, Wilcoxon paired test). We performed the same
analysis for our control experiments with NaCl. The temporal selectivity evolution
oscillated strongly for control conditions and especially for NaCl application trials
(Figure 3.15 C, left). However, this was possibly due to the small number of analyzed
cells (n = 3). We found no evidence for an effect on latencies in our control experiment
data (Figure 3.15 C, right, black bar: control conditions latency, mean latency 758 +
123 ms, NaCl application trials, blue bar, mean latency 751 + 141 ms,p =1, n = 3,

Wilcoxon paired test).

3.5.4 MDL100907 decreases information about the test stimulus during
its visual presentation

Next, we investigated the temporal progression of test information. Therefore, we
replicated the sliding-window w? PEV analysis for information about the test (see
Section 3.5.4.). Figure 3.16 A shows an example neuron encoding test information,
during control conditions (black curve) and 5-HT application (red curve). After test
onset information goes up, peaks and goes down again without noticeable difference
between the iontophoresis conditions. The averaged information for test information
increases shortly after test-onset, resembling the reference information progression
(Figure 3.16 B), though locked to the test-onset. Test information does not differ
significantly between 5-HT trials and control conditions at any given time point of the
trial. The second example neuron (Figure 3.16 C) shows reduced sensory information

upon MDL100907 application during test numerosity presentation.
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The population plot in Figure 3.16 D shows that test information increased sharply
during test presentation for both MDL100907 trials and control conditions but dropped
earlier in MDL100907 trials, resulting in significantly larger test information in control
trials towards the end of the test phase. This showed that MDL100907 decreased
information about the visual stimulus also during the second presentation of a
numerosity stimulus. The test information of an example cell (Figure 3.16 E) recorded
in control experiments with NaCl increased strongly during test presentation, sunk back
to zero after test offset, but increased briefly again during the decision phase for both
iontophoretic conditions. Within the recorded population, test information for control

and NaCl trials goes up during test presentation and decreases slowly during the
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Figure 3.16: MDL100907 decreases test information during its visual

presentation. A) Sliding window w? PEV of an example cell showing control trials (black curve) and
5-HT application trials (red curve) quantifying test information across a factor-relevant task period of an
example neuron. B) Average sliding window w? PEV of control trials (black curve) and 5-HT application
trials (red curve) quantifying information about the test numerosity across a factor-relevant task period
of all neurons, recorded in sessions with 5-HT application. Dashed lines show mean PEV values of null
distribution respectively for control trials (black line) and 5-HT application trials (red line). C) Same
conventions as in A) for an example neuron recorded during control conditions (black curve) and
MDL100907 application (green curve). D) Same conventions as in B) for neurons, recorded during
control conditions (black curve) and MDL100907 application (green curve) Test information is
significantly decreased during the test phase. E) Same conventions as in A) for an example neuron
recorded during control conditions (black curve) and NaCl application (blue curve). F) Same conventions
as in B) for neurons, recorded during control conditions (black curve) and NaCl application (blue curve).
Colored/black bars above the curves marks time bins in which information was significantly
larger/smaller (p = 0.05) during drug application trials than control trials. Colored shaded areas denote
the SEM. Gray shaded rectangulars depict test presentations phases.
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decision phase (Figure 3.16 F). Even though test information was smaller in trials with

NacCl application, this difference is not significant.

3.6 Modulation of Decision-Selective Neurons by Serotonergic Agents
3.6.1.1Population of decision-selective neurons is not modulated by
serotonergic agents.

To gain insight into the role of 5-HT in the neuronal process of decision-making, we
next analyzed decision-related activity in the two task phases after test stimulus on-set
(test phase and decision phase). We used the same four-way ANOVA as described
above (Section 2.7.5) to identify decision-selective neurons separately for test and
decision phase. In sessions with 5-HT application, 13 neurons (13 %) significantly
modulated their discharge rate according to the decision type (“same” vs “different”) in
the test phase. Their normalized and averaged discharge rate is shown in Figure 3.17
A, separately for control trials (left) and 5-HT application trials (middle) and for the
preferred (red curve) and nonpreferred (blue curve) decision. The gray shaded area
depicts the phase of interest. 5-HT did not modulate firing rates, as also seen in the
tuning curves (Figure 3.17 A, right, black: control trials, red: 5-HT application trials).
We performed a ROC analysis to assess any drug effect on coding strength. 5-HT
seemed to increase selectivity, however, not in a significant manner (Figure 3.17 B,
AAUROC = - 0.0346 = 0.0156 [SEM], p =0.057, n = 13, Wilcoxon paired test). In
sessions with MDL100907 application we identified 12 decision-selective neurons (15
%) in the test phase. Blockage of 5-HT2A receptors decreased firing rates for the
nonpreferred decision (Figure 3.17 C), but this had no effect on decision coding
strength (Figure 3.17 D, AAUROC = 0.0051 + 0.018 [SEM], p = 0.97, n = 12, Wilcoxon
paired test) in the test phase. NaCl application (Figure 3.17 E, F) decreased neuronal
activity for the preferred decision. However, coding strength did not decrease but was
unaffected (Figure 3.17 F, AAUROC = 0.0171 £ 0.013 [SEM], p=0.301, n = 9,

Wilcoxon paired test)
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Figure 3.17: Decision-selectivity in the test phase is not modulated by

serotonergic agents A) Averaged normalized responses of the population of neurons, which were
decision-selective in the test phase, sorted by decision preference (nonpreferred = blue trace, preferred
= red trace) during control conditions (left panel) and 5-HT conditions (middle panel). The right panel
shows that the averaged normalized tuning curves for all test decision-selective neurons for control
conditions (black curve) and 5-HT application (red curve). B) The distribution of AUROCS of all decision-
selective neurons recorded during control conditions and 5-HT application (each dot represents one
neuron) shows that 5-HT application did not change coding quality of decision-selective cells during the
test phase. C) Same conventions as in A) for population of decision-selective neurons recorded in
sessions with MDL100907 in the test phase. D) Same conventions as in B) for population of decision-
selective neurons recorded in sessions with MDL100907 in the test phase. E) Same conventions as in
A) for population of decision-selective neurons recorded in sessions with NaCl in the test phase. F)
Same conventions as in B) for population of decision-selective neurons recorded in sessions with NaCl
in the test phase
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3.6.1.2Evolution of decision coding strength during test presentation
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We repeated the sliding window ROC analysis for decision-selective cells in the test
phase. We found, that in cells recorded in 5-HT sessions decision-selectivity started to
come about after onset of the test stimulus, both during control and drug trials. It peaks
towards the end of the test phase and decreases slowly afterwards throughout the
decision phase (Figure 3.18 A, left). Selectivity for 5-HT application trials was higher
after the peak compared to control conditions, but at the end coding strength was

similar for both iontophoretic conditions. Latencies were not significantly different
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Figure 3.18: Temporal dynamics of decision-selectivity in the test phase are not

modulated by serotonergic agents A) Sliding ROC analysis depicting the temporal dynamics
of test numerosity-coding strength of control condition trials (left, black curve) and 5-HT application trials
(red curve) beginning in the second half of the delay until the first half of the decision phase. The gray
bar represents the onset of the test. The latency of humerosity coding was unchanged (right panel).
Colored shaded area depicts the SEM. B) Same conventions as in A) for test numerosity-selective cells
recorded in sessions with MDL100907 application. C) Same conventions as in B) for test numerosity-
selective cells recorded in sessions with MDL100907 application. D) Same conventions as in A) for test
numerosity-selective cells recorded in sessions with NaCl application. E) Same conventions as in B) for
test numerosity-selective cells recorded in sessions with the control substance NacCl.
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(Figure 3.18 A, right, black bar: control conditions latency, mean latency 753 £ 32 ms,
5-HT application trials, blue bar, mean latency 739 £ 42 ms, p = 0.219, n = 9, Wilcoxon
paired test). MDL100907 application increased decision selectivity before the visual
presentation of the test stimulus, however, shortly after test onset, ROC values for
control and drug conditions showed an equal progression (Figure 3.18 B, left).
MDL100907 also did not modulate decision selectivity latencies (Figure 3.18 B, right,
black bar: control conditions latency, mean latency 760 + 38 ms, MDL100907
application trials, blue bar, mean latency 724 + 56 ms, p =0.82, n = 11, Wilcoxon paired
test). When we applied the same analysis on cells, recorded in control experiments
with NaCl application, we found that ROC values fluctuated during the test phase. After
test onset selectivity for both conditions rose, but slightly more during control
conditions. Selectivity dropped to baseline again towards the decision phase. We
compared individual cells latencies of control and drug trials and found a significant
effect. Cells became significant earlier during control trials (Figure 3.18 C, right, black

bar: control conditions latency, mean latency 729 + 30 ms, NaCl application trials, blue

bar, mean latency 887 + 49 ms, p = 0.016, n = 6, Wilcoxon paired test).Decision-
selective cells were unmodulated by Serotonergic Agents in the Decision
Phase

Next, we analyzed decision-selective cells in the decision phase. As mentioned above
(Section 3.5.1.1) a 4-way ANOVA was used to identify decision-selective neurons. We
found 19 neurons (19 %), which were selective for decision in decision phase in 5-HT
sessions. However, the normalized firing rates for preferred (red trace) and
nonpreferred (blue trace) decision of control (Figure 3.19 A, left) and drug conditions
(Figure 3.19 A, middle) as well as the tuning curves (black: control conditions, red: 5-
HT application trials) showed no difference. Neither did we find an effect of 5-HT on
coding strength (Figure 3.19 B, AAUROC < 0.001 + 0.0223 [SEM], p = 0.968, n = 19,
Wilcoxon paired test). Next, we investigated whether MDL100907 had an influence on
the 24 (30 %) decision-selective neurons in the decision phase (Figure 3.19 C, D).
Overall, it seemed as if MDL100907 (Figure 3.19 C, middle) decreased neuronal
activity for both the preferred (red curve) and the nonpreferred (blue curve) decision
compared to control trials (left). This can also be seen in the tuning curve (Figure 3.19
C, right). The curve for MDL100907 trials (green curve) is lower for both, preferred and
nonpreferred decision, than the curve for control trials (black curve). The ROC analysis
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Figure 3.19: Decision-selectivity in the decision phase is not modulated by

serotonergic agents A) Averaged normalized responses of the population of neurons, which were
decision-selective in the decision phase for the nonpreferred (blue trace) and preferred (red trace)
decision during control conditions (left panel) and 5-HT conditions (middle panel). The right panel shows
that the averaged normalized tuning curves for all decision-selective neurons for control conditions (black
curve) and 5-HT application (red curve). B) The distribution of AUROCS of all decision-selective neurons
recorded during control conditions and 5-HT application (each dot represents one neuron) shows that 5-
HT application did not change coding quality of decision-selective cells during the decision phase. C)
Same conventions as in A) for population of decision-selective neurons recorded in sessions with
MDL100907 in the decision phase. D) Same conventions as in B) for population of decision-selective
neurons recorded in sessions with MDL100907 in the decision phase. E) Same conventions as in A) for
population of decision-selective neurons recorded in sessions with NaCl in the decision phase. F) Same
conventions as in b) for population of decision-selective neurons recorded in sessions with NaCl in the
decision phase

(Figure 3.19 D) showed no general effect of MDL100907 on selectivity (AAUROC = -
0.0086 + 0.0152 [SEM], p = 0.253, n = 24, Wilcoxon paired test). Control experiments
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with NaCl showed also no effect of the used current on discharge rate (Figure 3.19 E)
nor AURC values (Figure 3.19 F, AAUROC = 0.0353 + 0.0286 [SEM], p =0.313, n =
6, Wilcoxon paired test)

3.6.1.4Decision Selectivity across Time was altered by 5-HT application

We also investigated whether any substance or the control experiments had any effect
on the temporal decision selectivity progression. Decision-selectivity increased from
the beginning of the test presentation and continued to increase throughout the
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Figure 3.20: Temporal dynamics of decision-selectivity in the decision phase is

modulated by 5-HT A) Sliding ROC analysis depicting the temporal dynamics of decision-coding
strength of control condition trials (left, black curve) and 5-HT application trials (red curve) beginning at
the offset of the test phase until the end of the decision phase. The gray bar represents the offset of the
test. The latency of decision coding was unchanged (right panel). Colored shaded area depicts the SEM.
B) Same conventions as in A) for decision-selective cells recorded in sessions with MDL100907
application. C) Same conventions as in B) for decision-selective cells recorded in sessions with
MDL100907 application. D) Same conventions as in A) for decision-selective cells recorded in sessions
with NaCl application. E) Same conventions as in B) for decision-selective cells recorded in sessions
with the control substance NacCl.
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decision phase in a very similar manner for both control conditions (Figure 3.20 A,

black curve) and 5-HT application trials (red curve). Comparing latencies of control and
drug trials against an estimated null-distribution, however, revealed that 5-HT
application decreased the temporal progression of decision-selectivity significantly
(Figure 3.20 A, right, black bar: control conditions latency, mean latency 942 + 58 ms,
5-HT application trials, red bar, mean latency 791 + 60 ms, p = 0.035, n = 16, Wilcoxon
paired test). Cells, recorded in session with MDL100907 showed a similar temporal
profile (Figure 3.20 B, left), showing that selectivity for decision started to rise slowly
during test presentation, and continued to incline throughout the decision phase.
Nevertheless, MDL100907 had no visible effects on the temporal progression nor on
the latencies (Figure 3.20 B, right, black bar: control conditions latency, mean latency
901 = 55 ms, MDL100907 application trials, green bar, mean latency 840 £ 48 ms, p =
0.404, n = 24, Wilcoxon paired test). The same analyses applied on our control
experiments revealed an interesting temporal profile of decision-selectivity. AUROC
values went down during the test phase, especially for control trials (Figure 3.20 C,
black curve). However, after test offset, coding strength started to increase throughout
the decision phase. No effects on latencies was found (Figure 3.20 C, right, black bar:
control conditions latency, mean latency 1006 + 122 ms, NaCl application trials, blue

bar, mean latency 1029 + 96 ms, p = 0.844, n = 6, Wilcoxon paired test).

3.7 5-HT modulates Abstract Decision Information in the Whole
Population of Recorded Neurons

To determine whether decision information was modulated by one of the serotonergic
agents, we employed a sliding-window w? PEV analysis (Section 2.7.9). Information
was considered to be significantly different for control and drug-application trials if a
bin wise computed Wilcoxon signed rank test (alpha 0.05) showed significant
differences for at least five consecutive bins. Figure 3.21 A shows an example neuron,
recorded with 5-HT application. This neuron increased information about the abstract
decision during presentation of the test numerosity, for both, control conditions and 5-
HT application, however, the increase was stronger for 5-HT application trials. When
information about the decision is compared between 5-HT application trials and control

conditions for the whole population of recorded neurons, we find that 5-HT application
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Figure 3.21: Decision information is increased significantly by 5-HT as well as

during control experiments A) Sliding window w? PEV of an example cell showing control trials
(black curve) and 5-HT application trials (red curve) quantifying decision information across a factor-
relevant task period of an example neuron. B) Average sliding window w? PEV of control trials (black
curve) and 5-HT application trials (red curve) quantifying information about the decision across a factor-
relevant task period of all neurons, recorded in sessions with 5-HT application. Decision information is
significantly increased during 5-HT application during the test presentation. Dashed lines show mean
PEV values of null distribution respectively for control trials (black line) and 5-HT application trials (red
line). C) Same conventions as in A) for an example neuron recorded during control conditions (black
curve) and MDL100907 application (green curve). D) Same conventions as in B) for neurons, recorded
during control conditions (black curve) and MDL100907 application (green curve). E) Same conventions
as in A) for an example neuron recorded during control conditions (black curve) and NaCl application
(blue curve). F) Same conventions as in B) for neurons, recorded during control conditions (black curve)
and NaCl application (blue curve). Decision information is increased during the decision phase.
Colored/black bars above the curves marks time bins in which information was significantly
larger/smaller (p = 0.05) during drug application trials than control trials. Colored shaded areas denote
the SEM. Gray shaded rectangular depict test presentation phase.

increases decision information significantly for a brief period of time, shortly after onset
of the test stimulus (Figure 3.21 B). Information about the decision did not different for
both iontophoresis conditions in an example neuron (Figure 3.21 C) recorded with
MDL100907 application. Also, in the population of cells, recorded with MDL100907,
we find no modulatory influence on decision information (Figure 3.21 D). Both curves
increased slightly after test onset and sustained during the decision phase. Next, we
checked for current-induced differences regarding decision information. Figure 3.21 E
shows an example neuron recorded during control experiments with NaCl application.

Here, decision information rises after test offset and fluctuates during the decision
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phase. This is also the case for the whole population (Figure 3.21 F). Decision

information increases during test presentation, more so for control trials, while
fluctuating during the decision phase. At one point, information about the decision is
significantly larger in NaCl trials.

These results show that stimulation of all 5-HT receptors increases early cognitive
information while blockage of the 5-HT2A receptor via MDL100907 application
decreases information about sensory stimulus identity. We also find an effect on
decision encoding within the population of recorded neurons during control

experiments.
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4 Discussion

The aim of our study was to investigate the role of the serotonergic system in various
cognitive processes in the dIPFC necessary to solve an abstract decision task. Thus,
we trained two monkeys to compare and assess two sequentially presented
numerosities in a same-different decision task and manipulated the recorded neuronal
activity by iontophoretic application of exogenous 5-HT or the selective 5-HT2A
receptor antagonist MDL100907. The analyses were restricted to task phases before
the rule cue presentation to ensure the neuronal activity would be free from motor
preparatory signals. We found that, when we looked at the population of selective cells,
reference-selectivity was decreased by 5-HT during reference presentation and
increased by blockage of 5-HT2A by MDL100907 during working memory delay.
However, neither substance modulated test-selectivity nor decision-selectivity.
Temporal evolution of selectivity was mostly unmodulated by both serotonergic
substances; however, we found evidence that decision-selectivity evolved later during
5-HT application. When we investigated whether serotonergic agents influence
information about different task-relevant features within the discharge rates of all
recorded neurons, we found sensory information is reduced when solely 5-HT2A
receptors are blocked, while information about the decision is enhanced by higher 5-
HT levels. Thus, our results highlight diverging effects of 5-HT depending on cell
populations. Further, we find evidence for a distinct role of the 5-HT2A receptors in

sensory processing and working memory.

4.1 Behavioral Performance

Both monkeys were very proficient solving the task, regardless of protocol type
(standard/control) and rule (red/blue). They performed well above chance level (50 %),
despite showing differences in performance according to stimulus protocol. The
animals were very well trained, given that the same monkeys performed the tasks with
iontophoretic application of dopamine. Thus, any effect of stimulus protocol is likely
due to overtraining and the test being overpowered. Further, even though both
monkeys showed significantly different accuracies, they performed better for different

stimulus protocols with small effect sizes.
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The behavioral performance functions show the numerical distance effect very clearly

(Merten and Nieder, 2009). The difficulty of numerosity discrimination decreases with
increasing numerical distance. Monkeys misjudged test numerosity nine less often to
be equal to reference numerosity one in comparison than to reference numerosity
three. But as mentioned above, the animals were very well trained, which resulted in a

small number of erroneous trials.

Assessment and processing of numerosity (number of items in a set) constitutes a
widespread skill in the animal kingdom (Koehler, 1956; Davis and Albert, 1986;
Brannon and Terrace, 1998; Uller et al., 2003; Dacke and Srinivasan, 2008; Gross et
al., 2009; Rugani et al., 2009; Agrillo et al., 2011; Vonk and Beran, 2012; Potrich et al.,
2015) It is exceedingly important for many cognitive functions - whether it is to meet
one’s basic need like to choose the profitable food source or complex requirements
like to determine the ability of a bridge to support the loads of crossing vehicles.
Therefore, numerosity stimuli are well suited to investigate different cognitive
processes. However, in the case of the present study, we were less interested in the
neuronal processing of numerosity but investigated the modulatory effects 5-HT and
MDL100907 had on neuronal activity. Thus, this thesis will not go into detail about
numerical processing but concentrates on the role of the serotonergic system in the

overarching cognitive processes.

4.2 Modulation of Baseline Activity

We found that iontophoretic application of 5-HT decreases neuronal baseline activity.
This has been shown before in anesthetized rats (Puig et al., 2005, 2010) and for other
cortical regions in the macaque brain (Seillier et al., 2017). A possible explanation is
that the decreases of neuronal activity is 5-HT1A-mediated which, due to the receptors’
location on the soma and the axon hillock, effectively inhibits action potential
generation. After blockage of the 5-HT2A receptor we find no significant effect on
neuronal baseline activity. MDL100907 reduces excitatory postsynaptic currents
(Aghajanian and Marek, 1997), however, not to the extent that baseline activity is
affected. This might be due to the generally small excitatory effect that activation of 5-
HT2A has on its own, depolarizing the resting membrane potential only by a few
millivolts (Araneda and Andrade, 1991; Tanaka and North, 1993; Zhang and Arsenault,
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2005). Further, our data demonstrates that modulation of neuronal baseline activity
was not caused simply by iontophoretic currents, as we see no effect in control
experiments with NaCl.

4.3 Modulation of numerosity-selectivity reference phase
4.3.1 By 5-HT

We investigated the effect of 5-HT on numerosity-selectivity during the reference
phase. We find, that 5-HT application decreases neuronal representation of numerosity
in selective cells during the visual presentation of a reference numerosity, mainly by
decreasing responses to preferred numerosities. Very little is known about whether
and if so, how 5-HT modulates visual processing in the PFC. Two studies in the
monkey V1 showed an involvement of 5-HT in visual processing in cortical neurons.
The first study, conducted in anesthetized animals, suggests that the serotonergic
system controls visual processing by the antagonistic interplay of 5-HT1 and 5-HT2
receptors (Watakabe et al., 2009). The second study involved awake monkeys
performing a fixation task. Their data showed that 5-HT decreased the gain of visual
responses (Seillier et al., 2017). In our case, numerosity-selectivity is affected, thus
indicating a direct modulation of selectivity by 5-HT.

Studies in rats and cats showed that serotonergic cells in the dorsal raphe nucleus
(DRN) exhibit an increase in activity related to visual stimulation (Heym et al., 1982;
Rasmussen et al., 1986; Ranade and Mainen, 2009; Li et al., 2013), which in turn leads
to an increase of 5-HT release in several cortical areas (Muller et al., 2006; Pum et al.,
2008), including the rat medial PFC. Further, Ranade and Mainen (Ranade and
Mainen, 2009) showed the transient nature of DRN neurons responses to visual
stimuli. Serotonergic projection neurons in the DRN strongly innervate the PFC (Tork,
1990; Jacobs and Azmitia, 1992). As a consequence, one possible explanation for our
findings could be an enhancement of the preferential inhibitory effect of 5-HT on
cortical neurons (Zhou and Hablitz, 1999), mediated by the activation of inhibitory 5-
HT1A receptors (Puig et al., 2005, 2010; Seillier et al., 2017). This is consistent with
the ‘motor hypothesis’ by Jacobs and Fornal (Jacobs and Fornal, 1997) which suggests

that increased 5-HT levels are related to a suppression of sensory processing.
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4.3.2 by MDL100907

Blockage of 5-HT2A receptors had no effect on numerosity-selectivity during reference

presentation. Activation of 5-HT2A receptors through systemic administration has been
shown to influence visual perception. In humans 5-HT2 receptor agonists like 2,5-
dimethoxy-4-iodoamphetamine (DOI) (Shulgin and Shulgin, 1995; reviewed by
Nichols, 2016), mescaline (Fleming, 1936; Hermle et al.,, 1992) and psilocybin
(Wasson, 1957) act as a strong psychedelics, eliciting visual illusion or hallucinations.
Evidence from studies in the V1 suggest that these altered visual percepts stem from
altered neuronal activity in early visual areas. Micro iontophoretically application of DOI
in the V1 of anesthetized monkeys (Watakabe et al., 2009) revealed a bidirectional
modulation effect on firing rate of cortical neurons, which might be enough to explain
the neurophysiological effects of systemic DOI. A recent study in awake mice by
Michaiel and colleagues (Michaiel et al., 2019) confirmed the bidirectional modulatory
effect on firing rate. They performed wide-field and two photon calcium imaging as well
as single cell recordings. They moreover found evidence that activation of 5-HT2A
receptors lead to an overall decreased in visual responding and surround suppressing
in mouse V1 neurons, similar to what was found in awake monkeys during
iontophoresis of 5-HT (Seillier et al., 2017), suggesting that, at least partly, the
observed effect is 5-HT2A mediated. These results support the hypothesis that altered
visual perception during hallucinations stems from reduced bottom-up (external)

signaling and not from top-down (internal) signals.

However, psychedelics alter not only perception but also mood and numerous
cognitive processes. Therefore, the PFC, as the conductor of the mammalian brain, is
a likely target area. A fMRI study in healthy humans revealed decreased BOLD signals
in the anterior cingulate cortex (ACC), a part of the medial PFC, after oral
administration of psilocybin (Carhart-Harris et al., 2012). The subjectively perceived
effect strength negatively correlated with the decrease in activity. Further, they showed
that psilocybin reduced positive coupling between the mPFC and posterior cingulate
cortex (PCC), which they claim is responsible for altered cognition. All this taken
together one would expect an increase in selectivity in case the 5-HT2A receptors are
involved in visual processing in the PFC, after application of the 5-HT2A antagonist
MDL100907.
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To our knowledge the present study is the first investigating how 5-HT2A receptors
affect visual signals in higher brain areas. Our data suggests that the serotonin system
is involved in processing visual input in the dIPFC (see Section 4.3), however, contrary

to the V1, this modulation is not mediated by the 5-HT2A receptors.

4.4 Modulation of numerosity-selectivity during the working memory
delay

4.4.1 By 5-HT

5-HT’s role in working memory has been implicated in rats (Winter and Petti, 1987;
Bonaventure et al., 2011), pigeons (Karakuyu et al., 2007) and humans (Luciana et al.,
1998; Carter et al., 2005). These studies focused on modulation caused by systemic
administration of serotonergic agents or naturally occurring fluctuation in 5-HT levels.
Even though they demonstrated a clear connection between the serotonergic system
and working memory, it remains elusive whether these are direct or indirect effects.
Meanwhile, one study investigated the effects of serotonergic agents on response
properties of single cells during a spatial working memory task in nonhuman primates
(Williams et al 2002). As they found iontophoretic application of the 5-HT2A antagonist
MDL100907 reduced spatial tuning in an oculomotor delayed response task (see
Section 4.4.2) they also recorded one single cell with application of 5-HT. During
control conditions the recorded neuron showed barely any spatial tuning, however,
during application of 5-HT the cell discharge rate for one particular location was
severely enhanced, resulting in spatial tuning during the delay period. Unfortunately,
no further analyses were conducted on the effects of 5-HT itself on a populational level.
As described above (Section 1.3), 5-HT receptors trigger a various number of
intracellular responses upon activation, strongly depending on receptor type and
receptor location. Therefore, it is possible working memory is modulated very
distinctively by specific 5-HT receptor types. Our data allows the assumption that we
stimulated different kinds of 5-HT receptors as numerosity-selectivity is broadly

modulated during the delay.
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4.4.2 by MDL100907

As reported in Section 4.3.2 MDL100907 had no influence on numerosity-selectivity

during the visual presentation of the stimuli. However, numerosity tuning was improved
during the delay in trials with MDL100907. This modulation was achieved by
decreasing activity towards the non-preferred numerosity in working memory. Our
finding seemingly contradicts two other studies investigating the role of 5-HT2A
receptors in working memory. The first study, conducted by Williams and colleagues
(Williams et al., 2002), found that blocking 5-HT2A receptors affected activity towards
both, the preferred and non-preferred stimulus during the delay. They trained monkeys
on an oculomotor delayed response task and recorded single cell activity in the dIPFC
while applying different 5-HT2A targeting substances with microiontophoresis.
Blocking 5-HT2A receptors caused cells to fire less for the preferred location but also
increased their activity for nonpreferred locations, effectively decreasing spatial
working memory. It is important to note that they observe this effect despite using a
considerably weaker ejection current (10 nA) compared to our study (25 nA). They also
showed that activating the 5-HT2 receptors with a modest ejection current strength (50
nA) increased spatial tuning of a weakly tuned cell but using higher currents (100 nA)

lead to the loss of spatial tuning in a weakly tuned cell.

The second study used a conditional discrimination task to investigate working memory
in rats (Herremans et al., 1995). The animals were systemically injected with three
different doses of the high-affinity non-selective 5-HT2 antagonist Ketanserin.
Afterwards their performance was compared to a control group. None of the doses
showed a modulatory effect on the animals’ performance, suggesting that 5-HT2A
receptors are not involved in mnemonic processes. In this case, the doses were high
(at least 0.3 mg/kg) compared to the dose of around 0.08 mg/kg MDL100907 shown
to be enough to achieve 90% 5-HT2A receptor occupancy in the human brain (Andrée
et al., 1998). A dosage effect reconciles our results with these studies and suggests
that blockage of 5-HT2A receptors, similar to D1 receptors (Vijayraghavan et al., 2007),
follows an inverted u-shaped function as suggest by a computational network model
(Cano-Colino et al., 2013).

Coinciding with our study, it was shown that 5-HT2A receptor stimulation through the

psychedelic drug psilocybin (dose-dependently) inhibited working memory
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performance in humans (Barrett et al., 2018). But what is the mechanism of action of
a 5-HT2A receptor in working memory? A possible explanation could be the seemingly
antagonistic interplay between 5-HT1A and 5-HT2A receptors, resulting out of the
opposing effect on membrane potential upon their activation and receptor expression
location. As mentioned above, most pyramidal neurons express both receptor types in
the primate brain. The excitatory 5-HT2A is located at the apical dendrites and thought
to amplify excitatory synaptic input after activation. The 5-HT1A receptors are
expressed at soma and the axon hillhock. Their activation impedes action potential
generation by opening rectifying potassium channels (Bockaert et al., 2006). These
opposing effects provide a potent tool to modulate and shape a neurons response
depending on temporal dynamics of receptor activation and the resulting computation
of excitatory and inhibitory postsynaptic currents. As MDL100907 application
increased working memory in selective cells in our study it is conceivable that blocking
5-HT2A receptors suspend a kind of uncertainty filter preventing premature responses.
High levels of 5-HT and resulting strong activation of 5-HT1A receptors would
superimpose any EPSP by 5-HT2A activation, due to their efficient location.
Optogenetic studies in rats (Miyazaki et al., 2012, 2014; Fonseca et al., 2015) showed
that 5-HT plays an important role in patience, with the PFC, a major hub for goal
directed behavior, being a likely candidate for this function. However, these are mere
speculations and a similar study with both 5-HT1A and 5-HT2A targeting substances

could shed light in this question.

4.5 No Modulation of test-numerosity selectivity by 5-HT and
MDL100907

The behavioral protocol in the present study provides the possibility to compare
modulatory effects of the used serotonergic agents onto two sequentially shown
numerosity stimuli separately. Importantly, even though both stimuli are similar or even
match in their physical numerosity, they differ strongly in their contextual interpretation
for the task. There are two likely strategies to solve the comparison-task between
reference and test numerosity. In either one the physical numerosity of the reference
stimulus must be remembered. However, there are two options for assessing the

second shown numerosity (test). 1. Either the monkey also remembers the test
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numerosity, and compares it to the reference stimulus, or 2. it judges test-numerosities
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directly into two categories, namely whether it was the ‘same’ or a ‘different’
numerosity. From our data it is not possible to infer which strategy the monkeys used,
however, in case the first strategy pertains, one would expect two distinct subsets of
neurons encoding reference and test numerosity. Consequently, application of 5-HT
would lead to similar drug effects during test-numerosity presentation as seen during
reference presentation. The second strategy does not necessarily involve test-
selective neurons in the comparison process. It is possible that this process takes place
in one circuit. Interestingly, we found no modulation of test-numerosity-selectivity by
neither 5-HT nor MDL100907 application during the presentation of the test stimulus
even though 5-HT modulated reference numerosity processing during the visual
presentation of the reference stimulus (see Section 4.3). One explanation could be an
increasing cognitive component of the neuronal signal, superimposing any serotonin-
effect on visual processing of the test numerosity. A second possible explanation could
be that test-selective neurons are not involved in the comparison process, but merely
representing a perceptual category as shown for naive monkeys (Viswanathan and
Nieder, 2013). Therefore, no substance has a consistent effect on test-selectivity in

this population of neurons.

Test-selectivity was also not modulated by either serotonergic agent used in the
present study during the decision phase. As mentioned above the behavioral task
consists out of two repetitions of a visual presentation of a numerosity stimulus followed
by a delay, without any external sensory stimulation. However, during test and decision
phase the cognitive demand increases due to the necessary comparison process. It is
possible that the increasing cognitive demand is mirrored in the neuronal signal,

superimposing any drug effect also during the decision phase.

4.6 Decision-selectivity is not modulated by 5-HT and MDL100907

We investigated whether iontophoretical application of exogenous 5-HT or
MDL100907 modulated the abstract decision tuning within the population of decision-
selective neurons. However, decision-selectivity in dIPFC neurons was neither
modulated by 5-HT nor MDL100907, with the exception of temporal evolution of

decision-selectivity in the decision phase, which was extended by 5-HT.
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Often, the capability for assessment of situations and adequate reactions seem to be
impaired in patients suffering from mental disorders with accompanying cognitive
impairments. This is possibly related to altered evaluation of reward or reward valence.
The serotonergic system has been implicated both in mental disorders (Deakin, 1991,
Graeff et al., 1996) as well as in various function which are important for decision
making (Homberg, 2012). These functions include cognitive flexibility, which increases
with increasing 5-HT levels in marmosets (Clarke, 2004) and rats (Bari et al., 2010;
Boulougouris and Robbins, 2010), attentional set shifting in marmosets (Clarke et al.,
2005) and humans (Rogers et al., 1999) and response inhibition, which is decreased
when 5-HT levels are globally reduced in rats (Harrison et al., 1997; Puumala and
Sirvio, 1998) but increased after a rise of endogenous 5-HT levels in the rat mPFC,
measured with micro dialysis (Dalley et al., 2002). However, to our knowledge this is
the first study to investigate the serotonergic modulation of abstract decisions.
Therefore, it is hard to conclude that the serotonergic system is not involved in decision
making, even with negative results. By application of exogenous 5-HT we target all
available 5-HT receptor types, which trigger a variety of cell responses vastly
depending on cell type (pyramidal vs interneuron, (Puig and Gulledge, 2011)) and
expression location (quelle). Further, it cannot be ruled out, that 5-HT influences other
aspects of the neuronal activity than its frequency. Maybe complex temporal (Thorpe,
1990; Gerstner et al., 1997; Aur and Jog, 2007) or populational coding (Maunsell and

Van Essen, 1983) schemes are affected.

4.7 Modulation of task feature information within the whole recorded
population

We tested the modulatory effects of 5-HT and MDL100907 on task relevant information
within the whole population of recorded dIPFC neurons. We find that blockage of 5-
HT2A receptors decreased information about the visually presented numerosity stimuli
but did not modulate decision information. 5-HT has been implicated in sensory
processing in hierarchically lower brain areas (Heym et al., 1982; Rasmussen et al.,
1986; Mdller et al., 2006; Ranade and Mainen, 2009; Li et al., 2013). Studies in early
visual areas of monkeys showed that 5-HT decreased visual responses (Watakabe et

al., 2009), primarily by gain change of neuronal tuning curves (Seillier et al., 2017).
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One hypothesis is that by reducing the saliency of a visual stimulus, 5-HT functions as

a promotor of behavioral inhibition and patience (Miyazaki et al., 2012; Fonseca et al.,
2015; Lottem et al., 2018). However, only little is known about how 5-HT modulates

prefrontal visual signals.

A perceptual inference study by Costa and colleagues (Costa et al., 2016) injected
monkeys intramuscular with a 5-HT reuptake inhibitor. The animals showed reduced
impulsive answering, while also the perceptual performance suffered, indicating
attenuated sensory processing. This is compatible with our results which suggest that
5-HT2A receptors are important for accurate information complement/integration of
sensory input in the PFC, probably by fine tuning how neurons encode incoming
signals into firing response. The involvement in sensory processing becomes also
evident as blocking 5-HT2A receptors only affect sensory properties of the information
signal, whereas information about the abstract decision remains unaffected. Our
findings allow the assumption that the 5-HT2A receptor might be a key structure for

reduction of visual saliency in the population signal of prefrontal cortex neurons.

Further it is also known that blockage of 5-HT2A receptors in the rat PFC reduced
dopaminergic release in the mPFC (Bortolozzi et al., 2005). A study in monkeys from
our lab showed that numerosity-selectivity decreases upon dopamine d1 receptor
blockage (Ott et al., 2014), which mirrors the situation of reduced dopamine levels. It
is questionable, whether blockage of 5-HT2A elicit an indirect dopamine effect, which
in turn, is responsible for decreased sensory information, however, it cannot be ruled
out that reduced DA levels contribute to information loss about sensory signal

properties.

Application of 5-HT had a distinct impact on whole population information. Sensory
information was unaffected. 5-HT is the endogenous ligand for all 5-HT receptor types,
responsible for various intracellular responses/ signaling cascades. 5-HT1A and 5-
HT2A receptors are the most abundant receptor types in the PFC (De Almeida and
Mengod, 2007, 2008) and affect the membrane potential in opposing directions
(Araneda and Andrade, 1991; Puig and Gulledge, 2011). It is very likely, that any
effects were canceled out (as we cannot be sure which receptor type was activated by
5-HT application in the respective recorded cell) on the populational or even a cellular

level.
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The present study is the first to our knowledge investigating the role of 5-HT in abstract
decisions. The fact that additional 5-HT modulated decision information is compatible
with previous findings. Such as, 5-HT modulates different fundamental operation of
decision making. 5-HT depletion in marmosets (Clarke, 2004; Clarke et al., 2005) and
humans (Rogers et al., 1999; Evers et al., 2005) impaired cognitive flexibility, which is
a key prerequisite for decision making. Another important function is suppression of
mere stimulus-response associations and premature reactions. In a delayed response
study in rats it was shown that optogenetic stimulation of serotonergic neurons in the
DRN prolonged time animals would wait for a signaled reward (Miyazaki et al., 2014),
effectively enabling the execution of goal-directed behavior. We find that 5-HT
increased information about the abstract decision. 5-HT beneficial impact on decision
making was already implicated by the fact that 5-HT reuptake inhibitors (SSRI) often
show positive therapeutic effects as treatment for mental illnesses with accompanying

cognitive inhibition, including impaired decision making (Caceda et al., 2014).

We find that decision information is significantly increased in control experiments with
NaCl application during the decision phase. In all other control analyses investigating
effects of the mere current, we found no evidence for a current-induced modulation. It
is likely, that due to the relatively small number of cells recorded with NaCl application
any strong effect of one or two cells influences the population activity significantly. Our
results implicate that 5-HT2A receptors are involved primarily in processing of sensory
signals whereas modulation of decision information is carried by other 5-HT receptor
types on a populational level.

5 Conclusion

We recorded single cell activity with simultaneous micro-iontophoretical application of
serotonergic agents in the monkey dorsolateral prefrontal cortex, while animals
performed an abstract decision task. To our knowledge our study is the first
investigating the role of serotonin in visual/numerical working memory and decisions

related single cell activity.

We find heterogeneous modulatory effects in different subpopulations of neurons. 5-

HT is involved in decision making, as application of 5-HT increased information about
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the decision in the whole population of recorded neurons. However, this effect was not
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conveyed through modulation of decision-selective neurons. Furthermore, our findings
highlight the role of 5-HT in prefrontal visual processing. During visual presentation
higher levels of 5-HT inhibited stimulus-selective neurons. Blockage of 5-HT2A
receptors contributed to activity maintenance of numerical information processing
circuits. Further, application of MDL100907 increased sensory information within the
whole population of recorded neurons. Our results show no involvement of 5-HT2A
receptors in decision making, albeit their role in working memory. These findings
suggest that 5-HT receptor subtypes contribute differently to cognitive and sensory
processes in prefrontal cortex and highlight the importance of further research to tackle

mental illnesses with accompanying cognitive impairment.
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