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ABSTRACT
Normal brain function is dependent on the efficient and effective communication
between the multitudes of microcircuits that it encompasses. The brain employs
neuronal-network oscillations for large-scale communication in the cortex. Fast
oscillations in the gamma range (20-80 Hz) arise in the cortex and the hippocampus and
are thought to be involved in important cognitive functions such as sensory perception,
attention, learning, and working memory. These oscillations are often impaired in
disorders that have significant cognitive-deficit symptoms, such as schizophrenia,
Alzheimer’s disease, and depression. Recent research has shown that hippocampal
oscillations are modulated by several neurotransmitters, yet contributions of specific
receptor-subtypes, their cellular localization and mechanism of action are still
understudied.
Local field potential (LFP) oscillations were recorded before and after application of
specific agonists and antagonists to determine specific effects. Additionally, pyramidal
cells and inhibitory interneurons were recorded alone or in parallel with the LFP to test
how activation of a certain receptor subtype affects the electrical properties of that cell
type and what mechanisms are used.
For the studies in this thesis, the effects of activation of dopamine and serotonin
receptors on gamma oscillations were investigated. D4 activation was found to augment
gamma oscillations and interact with the growth factor neuregulin during activation
(study I). The mechanism responsible for this increase is mediated by interneurons firing
more precisely (study II). In study III, activation of serotonin receptor type 1A expressed
on pyramidal cells leads to a strong reduction of gamma oscillations, which is caused by
activation of an inward-rectifying potassium channel. The preliminary results also point
to a deficit in inhibitory transmission in rodents exposed to the serotonin reuptake
inhibitor, fluoxetine.
Understanding these mechanisms is important for the development of strategies for
treating disorders that may result from imbalances in neurotransmission, and may cause
cognitive decline in a number of disorders in which abnormal gamma oscillations are a
hallmark.
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1 LAYPERSON’S INTRODUCTION

N

euroscience is a burgeoning field mostly because the brain is the bodily organ that
is least understood. To compare the function of the brain to that of other oftenstudied organs belies its absolute complexity. The kidney, for example, pulls nutrients
out of the blood and regulates fluid balance. The brain on the other hand, receives
signals in several different modalities regarding the world around us and integrates them
in order to enable us to react to the environment, plan movements, make decisions,
navigate, communicate, emote, learn, and create. There is no simple answer to the
question of how the brain does this, but research on every level, from single proteins in
single neurons to whole brain circuit analysis, is attempting to answer the remaining
questions.
When most people think of the brain, they think of the cerebral cortex, the massive,
folded part of the brain that takes up most of the space inside our heads, and is arguably
what makes us human. One structure of the cortex called the hippocampus is found in
nearly all mammals and is morphologically quite conserved throughout evolutionary
development. The hippocampus is also part of the limbic system, which is important for
processing emotions and forming memories. The hippocampus has a very structured
morphology, which is divided into layers consisting of specific types of neurons that
perform very specific tasks. These attributes, and the fact that it is essential for forming
new memories, make the hippocampus an often-studied structure.
A major form of communication between neurons in the brain is via electrical signals.
The branch of neuroscience that allows researchers to study how electrical signals are
propagated within neurons, from neuron to neuron, and within neural circuits is called
electrophysiology. In this thesis, electro-physiological techniques are used to record both
from individual neurons, as well as from populations of cells. The signals from single
neurons can, given the right circumstances, synch up with the neighboring cells to result
in a cohesive population signal that rises above the noise. In some circuits, such as that
within the hippocampus, these signals can fall into an oscillation, which acts as a
mechanism to spread a signal. To make a comparison, think of one neuron as a voice in
a crowded room and an oscillating circuit as a group of people shouting together. Or, to
borrow from a colleague, listening to a violin is akin to one cell firing, while listening to
an orchestra, resembles the activity of a whole circuit working together, while a
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conductor (the driver of the oscillation), keeps everybody together. In both metaphors,
what the coherent activity of multiple contributors represents is an amplifier to spread a
signal to far-flung corners and distinguish it from other signals as well as the
background noise. In the brain, these amplifiers act to send signals to other brain areas,
to say ‘I have something important to contribute’.
These oscillations arise in the cortex during certain tasks that require fairly sophisticated
neural processing, such as attending to details in one’s environment and actively
remembering something that was previously learned. Both the neocortex (which makes
up most of the cortex) and the hippocampus have the ability to generate oscillations. In
the hippocampus, these oscillations are created by the recurrent connections between
cells that excite each other and cells that inhibit each other. The interplay between these
two cell types is a delicate balance, and if the scales are tipped in one direction or the
other, the results can be drastic. Epilepsy is a result of aberrant ‘overexcited’
oscillations, while people suffering from Alzheimer’s disease show a decrease in certain
types of oscillations, and schizophrenics appear to be less able to increase and decrease
the strength of these oscillations when necessary.
In order to better understand how the brain regulates oscillations it is important to study
how common chemicals in the brain such as dopamine, serotonin, endocannabinoids,
and norepinephrine, which can act as neurotransmitters, affect neuronal circuits, since
many psychoactive drugs, both recreational and clinical, affect the activity of these
neurotransmitters. What makes these experiments complicated is that there are many
different receptors, called receptor subtypes, which are activated by these
neurotransmitters and they have differing, and sometimes even opposing effects when
activated. This thesis explores how oscillations in the hippocampus are affected by
activation of a few specific receptor subtypes that bind serotonin and dopamine. These
two systems are of particular interest because all antipsychotic drugs bind to dopamine
receptors, and most of them also bind to serotonin receptors. While the dopamine
binding is likely responsible for decreasing psychoses and hallucinations, there has been
some recent data showing that those drugs that bind serotonin receptors and one of the
less-studied dopamine receptors may also contribute cognitive benefits to those
suffering from psychosis.
Our data show that activation of one dopamine receptor subtype (D4) and one serotonin
receptor subtype (5-HT1A) have opposing effects on oscillations in the hippocampus.
D4 is located primarily on a specific type of inhibitory neuron, while 5-HT1A is located
on the excitatory cells. Additionally, the mechanisms these receptors employ to affect
the neuron they are located on are different. The result is that activation of these two
receptors has opposite effects on the type of oscillation studied in this thesis in the
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hippocampus. Activation of D4 increases the power of these oscillations and 5-HT1A
activation decreases it. D4 activation causes inhibitory neurons to send more regular,
tuned signals and 5-HT1A activation causes excitatory neurons to fire less and become
less easily excitable.
Thus, it is easy to see why these receptors could be potential therapeutic targets. For
example, activation of the 5-HT1A receptor may be able to promote quiescence,
allowing the brain to rest and prepare for more important stimuli, or to allow us to sleep.
Activation of the D4 receptor, on the other hand, may be able to amplify signals that are
important that might otherwise be lost. The more we understand the functions of
important neurotransmitters, especially during high-level cognitive processes, the better
we can form hypotheses regarding brain dysfunction and its treatment.
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2 INTRODUCTION

S

ignal processing in the brain happens at every conceivable level. Individual neurons
compute input at synapses, integrate signals in dendrites, and initiate action
potentials, which may be further modulated based on axonal factors. And neurons are
not islands; they form microcircuits with nearby neurons, and each of those cells
processes its own signals locally, which affects the circuit. Additionally, microcircuits
receive input from external regions, in the form of long-range projections from other
areas of cortex, neuromodulatory projections from the brainstem or septum, and shortrange projections from nearby microcircuits. All of these levels of tuning within the
circuit result in synapses being created and lost, strengthened and weakened, or
transiently quieted or excited based on input from other regions of the brain. These
microcircuits, in turn, create signals that inform the rest of the brain based on locally
processed inputs. The result is an ever-changing brain state that constantly observes,
adapts, reacts, and outputs information to maintain consciousness and function in an
individual.
While none of these levels of processing can be studied in isolation, expertise at all
levels is nearly impossible, so for this thesis, I will be focusing on processing at the level
of the cell and the microcircuit, and how modulation at these levels may influence the
output of a network of neurons. The brain area I will be focusing on is the hippocampus,
a region of the cortex that is highly studied because of its relevance for learning,
memory, navigation, and processing of emotion. The hippocampus is a small but vital
structure located in the medial temporal lobe of the human brain which receives strong
inputs from all over the cortex via the fimbria-fornix and entorhinal cortex, in addition
to neuromodulatory inputs from the medial septum (acetylcholine), ventral tegmental
area (VTA, dopamine), raphe nuclei (serotonin), locus coeruleus (norepinephrine), and
tuberomammillary nucleus of the hypothalamus (histamine). While much is known
about the internal microcircuitry of the hippocampus, modulatory input and its affect on
microcircuit excitability and modulation is a still understudied area of research. This
thesis will aim to explore how the serotonin and dopamine neurotransmitters systems
affect network activity in the hippocampus and the development of the network itself.
First, some background information regarding hippocampal form and function,
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dopamine and serotonin neurotransmitter systems, and clinical targets of these systems
will be discussed.

2.1

The hippocampal formation

The hippocampus is heavily studied both because of its importance in cognition, but also
because it has a very stereotyped laminar organization, which allows for fairly easy
targeting of specific cell types within each lamina, while the microcircuitry remains
intact. The areas that make up the hippocampal cortex are the dentate gyrus and the
cornu ammonis (CA) regions. The dentate gyrus is important for episodic memory
formations, pattern separation, and pattern completion (Nakashiba et al., 2012) and is
one of only a few locations in the brain with pronounced adult neurogenesis, along with
the olfactory bulb and the cerebellum (Ming & Song, 2011). It consists of a dense
granular layer of glutamatergic granule cells, which receive glutamatergic input from
layer II of the entorhinal cortex via the perforant path (Fig. 1). Two other layers flank
the granule layer: the molecular layer, the outermost containing granule cell dendrites,
perforant path axons, and dispersed interneurons, and the polymorphic layer or hilus,
containing mossy cells, pyramidal basket cells, and other inhibitory interneurons
(Amaral et al., 2007). After projecting through the polymorphic layer of the dentate
gyrus, granule cell axons (mossy fibers) form synapses along apical dendrites of the
pyramidal cells of CA3 in stratum lucidum.
There are 3 regions in the hippocampus known as CA regions (1-3), each with slightly
different morphology and function. CA3, though having diverse functions, is primarily
thought to aid in the consolidation of episodic and contextual memories (Nakashiba et
al., 2008; Jadhav & Frank, 2009). In addition to the projection from the dentate gyrus,
many CA3 pyramidal cells have recurrent connections (Fig. 1). CA2 has been studied
much less than the other regions, though it appears to be useful in forming social
memories (Hitti & Siegelbaum, 2014). Pyramidal cells in CA2 have been shown to
receive direct input from the supramammillary nucleus (Maglóczky et al., 1994), layer II
of the entorhinal cortex, and the dentate gyrus (Kohara et al., 2014). CA1 receives a
large input from CA3, known as the Schaffer collaterals, in addition to CA2 and
entorhinal cortex layer II/III projections (Fig. 1). CA1 is the main output of the
hippocampus, projecting back to layer V of the entorhinal cortex and the subiculum
(Amaral & Witter, 1989). Like CA3, the functions of CA1 are numerous, though it
seems to be specifically important for spatial memory (Tsien et al., 1996). The CA
regions have more or less the same laminar structure, with the outermost being the
alveus, which contains exclusively dendrites and afferents; next is the stratum oriens,
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containing several types of interneurons (including some of the perisomatic-targeting
basket cells) as well as the basal dendrites of the pyramidal cells. The most obvious of
the layers is stratum pyramidale, which contains a densely packed group of
glutamatergic principle cells with a pyramid-shaped cell body in CA1 and larger,
elongated cell bodies in CA2 and CA3. Additionally, basket cells and bistratified
interneurons can be found amongst pyramidal cells. Inside the curve of the pyramidal
cell layer is the stratum radiatum, containing an amalgam of inhibitory interneurons as
well as afferents from external nuclei, and Schaffer collateral axons from CA3. The final
layer is the stratum lacunosum-moleculare, where pyramidal cell apical dendrites
terminate and axons from the entorhinal cortex can be found (Amaral & Witter, 1989).

Figure 1 Schematic of the tri-synaptic pathway and hippocampal connectivity

2.2

The hippocampus as a model oscillatory structure

As described above, the hippocampus and its associated cortex, the entorhinal cortex,
have a canonical circuit, known as the tri-synaptic pathway, where information travels
from dentate granule cells to CA3 pyramidal cells to CA1pyramidal cells, finally
sending output to the entorhinal cortex, and out into other cortical regions via the fornix.
There are, of course, exceptions to this regimented loop, but these synaptic tracts are the
most abundant in the hippocampal formation. Within each region, local processing
occurs via many types of inhibitory interneurons, which have incredibly varied
morphologies, targets, and thus functions (Klausberger & Somogyi, 2008; Tricoire et
al., 2011; Chamberland & Topolnik, 2012).
The stereotyped hippocampal architecture allows for fairly precise regulation of the
microcircuitry that can result in rhythmic firing of neurons. Synchronous firing of
groups of neurons gives rise to an oscillation of the local field potential (LFP, Börgers &
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Kopell, 2003; Bartos et al., 2007; Klausberger & Somogyi, 2008; Atallah & Scanziani,
2009). These oscillations range widely in frequency, and have behavioral state-based
associations and can occur throughout the cortex and hippocampus. Delta waves
oscillate at 0-4 Hz and arise during sleep (Happe et al., 2002), hippocampal theta
oscillations range from 6-10 Hz during exploration and navigational movements
(Vanderwolf, 1969), beta oscillations range from 12-30 Hz and are seen during tactile
exploration and movement planning (Murthy & Fetz, 1996), and gamma oscillations are
fast, 20-80 Hz oscillations associated with cognition, sensory perception, and attention
(Gray & Singer, 1989; Buzsáki et al., 2003). This thesis focuses on gamma oscillations,
which are disrupted in several brain disorders with hallmark cognitive decline, such as
Alzheimer’s disease (AD), depression, and schizophrenia. AD patients exhibit a
decrease in overall power of the gamma oscillations (Stam et al., 2002), while patients
with major depressive disorder have been shown to have localized decreased responses
to emotional stimuli (Liu et al., 2014). Schizophrenic patients also exhibit a decrease in
gamma oscillation power in some paradigms, but additionally have a decreased ability to
modulate the power of the oscillation in response to visual stimuli (Butler et al., 2008;
Spencer et al., 2008a).

2.3

The generation of hippocampal gamma oscillations

Many studies have explored the circuit which gives rise to hippocampal gamma
oscillations, suggesting which cell types are involved, how each cell type is regulating
the rhythm, and what external inputs are modulating or helping to generate the
oscillation. Recent studies have shown that there are multiple regions of gamma
generation, each of which may be relevant to a particular function. The medial
entorhinal cortex can propagate fast gamma oscillations to CA1 via the
temporoammonic pathway, while CA3 propagates slower gamma oscillations to CA1
via Schaffer collaterals (Fisahn et al., 1998; Colgin et al., 2009; Lasztóczi &
Klausberger, 2014). Additionally, some studies suggest that CA1 in itself is oscillogenic,
as oscillations were elicited in an in vitro preparation with only CA1 in tact (Pietersen et
al., 2013). The entorhinal cortex is known to be vital for spatial navigation (Chrobak &
Buzsáki, 1998), while the Schaffer collateral inputs from CA3 to CA1 are necessary for
memory consolidation (Montgomery & Buzsáki, 2007), suggesting that fast and slow
gamma oscillations are functionally distinct.
Gamma oscillations in the hippocampus are an emergent property of the circuitry within
the structure (Whittington et al., 1995; Fisahn et al., 1998). Two theories as to the
mechanism behind the generation of gamma exist: Pyramidal-Interneuron network
Gamma (PING) and Interneuron network gamma (ING, Whittington et al., 2000). The
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PING model suggests that reciprocal connections between interneurons and pyramidal
cells are responsible for oscillations. Excitatory cells provide feedback excitation to the
circuit, while interneurons contribute phasic drive to pace the oscillation. Theoretically,
entrainment of excitatory projection neurons is essential to propagate the oscillation
outside of the region in which it is generated, as most inhibitory neurons in the
hippocampus project locally. To maintain the oscillation, interplay between excitation
and inhibition is vital (Fisahn et al., 1998; Atallah & Scanziani, 2009).
The ING model suggests that interneurons are solely responsible for the generation and
maintenance of gamma oscillations. While modeling studies suggest that this model of
oscillatory activity is possible, the likelihood of a network oscillation in vivo relying
solely on ING is unlikely, as excitatory cells are an integral part of cortical networks.
Still, inhibition drives and paces all studied neural network oscillations (Whittington et
al., 2000), with different types of interneurons firing action potentials at preferred phases
of the oscillation (Hájos et al., 2004; Tukker et al., 2007; Klausberger & Somogyi,
2008). One such interneuron subtype is a parvalbumin-positive (PV+), perisomatic
targeting basket cell, which is implicated in the generation of hippocampal gamma
oscillations (Mann et al., 2005; Gulyás et al., 2010). Additionally, selective activation of
only PV+ interneurons has been shown to be both necessary and sufficient to elicit
gamma oscillations in the cortex (Cardin et al., 2009).
The reason that this interneuron class is vital for the generation of gamma oscillations
likely is due to the fact that the soma of pyramidal cells are highly targeted by these
cells, providing a stronger inhibition, nearer to the axon initial segment than dendritictargeting cells. Additionally, these interneurons have a high incidence of gap-junction
coupling, allowing for highly coordinated firing (Tamás et al., 2000; Hormuzdi et al.,
2001). They also express the rapidly deactivating potassium channel Kv3.1, which
enables the neurons to fire at a very high rate, on nearly every cycle during gamma
oscillations (Martina et al., 1998; Joho et al., 1999; Gulyás et al., 2010). Due to the
importance of PV+ basket cells in eliciting gamma oscillations, much research focuses
on their modulation and connectivity.

2.4

In vitro models of hippocampal gamma oscillations

While the study of oscillations in vivo obviously carries the most ecological validity,
often experiments must be run in vitro to properly control for some variables, and to
provide ease of access to individual cells. Live-slice preparations require a small amount
of general tonic excitation to elicit reliable gamma oscillations. This excitation can come
pharmacologically from mGluR activation (Whittington et al., 1995), carbachol (Fisahn
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et al., 1998), or kainate (KA, Fisahn et al., 2004), or with tetanic electrical stimulation in
stratum oriens of the hippocampus (Traub et al., 1996). While tetanic stimulation
produces briefer episodes of gamma oscillations, the KA and carbachol models provide
stable, reliable oscillations for multiple hours so that pharmacological modulation can be
recorded, and contributions of individual neurons can be studied (Fisahn et al., 1998).
This thesis focuses on the kainate (KA) model of induction, using low (100 nM)
concentrations to elicit gamma oscillations (Hájos et al., 2000). This model provides
tonic excitation via kainate receptors to both excitatory and inhibitory neurons in the
hippocampus (Clarke et al., 1997; Fisahn et al., 2004), which is necessary for the circuit
to oscillate without external inputs. It should be noted that, while CA3 gamma in vivo
has a peak frequency of around 30-40 Hz, it is slightly lower in vitro as the frequency is
very susceptible to temperature (Lu et al., 2012), and recording for a long period of time
at physiological temperatures causes cell death, so recording temperature is usually kept
around 32°C.

2.5

Modulation of hippocampal gamma oscillations

Because gamma oscillations depend on precisely timed firing of all contributing
neurons, they are quite susceptible to modulation via various mechanisms (Oren et al.,
2010). Inputs from neuromodulatory nuclei send strong aminergic projections to the
hippocampus and are poised to affect network activity. It has been shown previously
that high concentrations of norepinephrine, histamine, dopamine, and serotonin decrease
the power of kainate- and carbachol-induced gamma oscillations, while failing to alter
stimulus-induced gamma (Weiss et al., 2003; Wójtowicz et al., 2009). Additionally,
reduction in gamma oscillation power has also been seen with selective-serotonin
reuptake inhibitor (SSRI) application (Méndez et al., 2012), though this study may not
directly alter aminergic transmission, rather modulating GABAergic currents.
Receptor subtype effects have been less explored in terms of regulation of hippocampal
network activity. However, it has been shown that serotonin (Krause & Jia, 2005), and
norepinephrine (Haggerty et al., 2013) have receptor subtype specific effects that oppose
each other in induced oscillations. This thesis will discuss the receptor subtype effects of
dopamine (studies I and II) and of serotonin (study III), exploring the cellular and
network mechanisms involved in the modulation of gamma oscillations.
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2.6

Dopaminergic Modulation

To understand why knowledge of the modulation of gamma oscillations is of interest, it
is important to understand the myriad roles that dopamine plays in human cognition and
behavior. Dopamine is released from neurons located in several distinct nuclei in the
brain to control cognition and behavior (Dahlström & Fuxe, 1964). The pars compacta
region of the substantia nigra projects dopaminergic axons to several regions in the basal
ganglia, including the striatum. It modulates low-level motor output, and this pathway
degenerates in Parkinson’s disease (Takahashi & Wakabayashi, 2001; Braak et al.,
2002). The hypothalamus also has several local dopaminergic nuclei, controlling the
release of hormones such as prolactin, while the zona incerta dopaminergic projections
targeting the hypothalamus regulate the release of gonadotropin-releasing hormone
(Judd et al., 1978; Ben-Jonathan & Hnasko, 2001). The dopaminergic ventral tegmental
area (VTA) projects to the prefrontal cortex and nucleus accumbens (Dahlström & Fuxe,
1964; Hillarp et al., 1966), and the purpose of this modulation is diverse and under
debate.
Initially it was thought that this pathway regulates reward-seeking behavior (Schultz et
al., 1998), but recent studies have shown that dopamine may instead code for important
and unexpected stimuli, as it appears that unforeseen painful stimuli also cause
dopamine release from the VTA, signifying that dopamine may have a more general
motivational roles beyond reward (Schultz, 2002). Indeed, this strong relationship
between salient stimuli, rewarding stimuli and neurotransmitter release makes the VTA
– cortex – accumbens pathway central to addiction pathophysiology, which is often
comorbid with other psychiatric disorders such as schizophrenia, mood and anxiety
disorders.
Importantly for this thesis, the majority of dopaminergic inputs to the hippocampus
arrive strictly from the VTA (Gasbarri et al., 1994). Several theories have linked
dopaminergic transmission in the hippocampus with cognitive functions such as
integrative, reward-related, and spatial memory (Gasbarri et al., 1996; Adcock et al.,
2006; Shohamy & Wagner, 2008). As the hippocampus plays a role in many of the
functions that dopamine modulation is involved in, it comes as no surprise that
dopamine should affect hippocampal circuitry as well as that of the neocortex.
In addition to its strong link to Parkinson’s disease, dopaminergic transmission is also
implicated in psychiatric disorders that do not have a clear pathophysiology, such as
psychosis and ADHD. Initially, schizophrenia was associated with dopaminergic
hyperfunction because all known efficacious antipsychotic medications are dopamine
D2 antagonists (Snyder, 1976). Evidence suggests that the mesostriatal and mesolimbic
hyperfunction likely account for the positive symptoms of hallucinations and delusions
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in schizophrenia (Davis et al., 1991). Both the nucleus accumbens and the hippocampus
are enriched in D2-type receptors, for which antipsychotics have a higher affinity as
compared to D1-type receptors. However, the original dopamine hypothesis was revised
as evidence of ‘hypofrontality’ arose in schizophrenic patients, suggesting a decrease in
overall activity, and theoretically dopaminergic transmission, in the prefrontal cortex,
which is enriched with mostly D1-type receptors (Goldman-Rakic et al., 2004).
Reasoning for this revision included the fact that studies of changes in dopamine
metabolites in the cerebral spinal fluid and concentration of dopamine receptors in postmortem brains were inconclusive in schizophrenic patients (Davis et al., 1991).
Additionally it appears as though cortical dopamine levels negatively modulate striatal
dopamine levels, suggesting a negative coupling of the two regions (Scatton et al.,
1982).
Altogether, this data shows the complexity of dopaminergic modulation, especially as it
applies to mental disorders. As modulation by dopamine receptor subtypes is not
particularly well studied in the hippocampus, the first two studies in this thesis aimed at
determining the effects on rhythmic network activity (in this case gamma oscillations),
which, as discussed above, is also tied to psychiatric illness.

2.7

Dopamine receptor subtypes

Many of dopamine’s disparate effects, are due to the expression of different receptor
subtypes throughout the brain. Five main receptors (D1-5), all of which are G-proteincoupled receptors (GPCRs), exist in the central nervous system (CNS), in differing
levels in different regions, but throughout the cortex and subcortical regions. D1 and D5
are often referred to as D1-like, and both are coupled to Gs, thus, when stimulated, they
activate adenylyl cyclase and increase cAMP. Conversely, D2-4 are Gi coupled,
inhibiting adenylyl cyclase and decreasing cAMP, and are often referred to as D2-like.
D1 and D5 are found throughout the brain, including in the basal ganglia (Gerfen et al.,
1990) neocortex (Lidow et al., 1991; Smiley et al., 1994) and pyramidal cell layer of the
hippocampus (Lazarov et al., 1998; Khan et al., 2000). In the prefrontal cortex,
activation of these receptors has strong effects on cognition, as both antagonists and high
concentrations of agonists decrease working memory (Sawaguchi & Goldman-Rakic,
1994; Zahrt et al., 1997). In the hippocampus, dopamine can induce a late-phase LTP
via the D1/5 receptors and a cAMP-mediated mechanism (Huang & Kandel, 1995;
Navakkode et al., 2007). Lastly, studies that have found an effect of dopamine on
carbachol-induced oscillations point to D1/5 as the mediating receptors (Weiss et al.,
2003; Wójtowicz et al., 2009), though these effects may have been non-specific artifacts
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as very high dopamine concentrations were used and the effects could not be replicated
in study I of this thesis.
D2 and D3 are also highly enriched in the basal ganglia (Gerfen et al., 1990), and are
also expressed in the cortex (Gaspar et al., 1995), and hippocampus (Marie-Louise et al.,
1991; Lévesque et al., 1992). The D2 receptor is thought to mediate the relief of positive
symptoms seen with antipsychotic treatment in schizophrenia, as all neuroleptics are D2
antagonists (Seeman et al., 1976; Nordström et al., 1993). In healthy humans, D2 is also
thought to be important for cognitive flexibility such as reversal learning, attentional
shifts and task switching, as observed in pharmacological experiments (Klanker et al.,
2013). Less is known about the function of D3 in cognition, but while genetic deletion
of the gene coding for D2 results in mice with impaired reversal learning, mice lacking
D3 receptors have improved reversal learning, suggesting opposing mechanisms that
may provide homeostatic regulation (Glickstein et al., 2005).
Interest in D4 has been high since clozapine, the first atypical neuroleptic drug to be
used clinically, was found to be quite effective, and to have a much higher affinity for
D4 receptors and a lower affinity for D2 receptors than traditional antipsychotics (Van
Tol et al., 1991; Bymaster et al., 1996). In behavioral experiments, D4 has been found to
affect impulsivity, novelty seeking, addiction, and emotional memory (Lauzon &
Laviolette, 2010). In the cortex, D4 is found on parvalbumin-positive GABAergic
interneurons (Mrzljak et al., 1996). It regulates glutamatergic signaling on frontal
cortical GABAergic interneurons by inhibiting trafficking of AMPA receptors to the
synapse when activated (Yuen & Yan, 2009). Another study from the same group found
that D4 activation also decreased AMPA-mediated currents in pyramidal cells, though in
an activity dependent manner. If the network was relatively quiet, the depression seen in
control conditions turned to potentiation (Yuen et al., 2010). In the hippocampus, D4
depotentiates LTP by regulation of NMDA receptors in CA1 pyramidal neurons
(Kotecha et al., 2002; Herwerth et al., 2012). To complicate matters, D4 has also been
shown to reduce GABAergic transmission via a post-synaptic mechanism in prefrontal
cortical neurons (Wang et al., 2002). This ability to regulate both glutamatergic and
GABAergic transmission provides the D4 receptors with a mechanism for profound
influence on networks innervated by the VTA.

2.8

Dopamine D4 and Neuregulin

Neuregulin (NRG) is a cytokine that regulates many aspects of neural development,
including synapse development, myelination, and migration of newly born cells, and is
continually synthesized and released in adults (Mei & Xiong, 2008; Barros et al., 2009).
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Some splice variants of NRG have been genetically associated with an increased
incidence of schizophrenia (Hall et al., 2006; Nicodemus et al., 2009), prompting the
question of whether this may be due to a developmental abnormality, or if NRG released
in a fully formed brain could be affecting neurons enough to result in aberrant neural
networks. Like D4, NRG signaling via the receptor tyrosine kinases in the ErbB family
appears to be able to regulate glutamatergic receptors (Hahn et al., 2006; Pitcher et al.,
2011). A few studies in the hippocampus have shown that signaling via one common
form of NRG (NRG-1) and the receptor ErbB4 can depotentiate induced LTP in the
hippocampus (Kwon et al., 2005; Kwon et al., 2008). Interestingly, acute administration
of NRG-1 elicits release of dopamine in the hippocampus, suggesting that the two
systems may have shared pathways (Kwon et al., 2008). Antagonizing D4 receptors, but
not other dopamine receptor subtypes blocked the depotentiation of LTP seen by Kwon
et al., suggesting that the depotentiation is not caused by NRG itself but rather by NRGinduced release of dopamine, signaling through D4, as D4 activation also depotentiates
LTP (Herwerth et al., 2012). Again, this mechanism seems to operate via D4 regulation
of AMPA receptors, in line with the theory that activation of D4 receptors induces
changes in glutamatergic receptor expression. NRG/ErbB4 signaling also augments
gamma oscillations (Fisahn et al., 2009; Deakin et al., 2012), and this association, along
with the association with D4, made the dopamine and NRG interplay the focus of study
I.

2.9

Serotonergic modulation

In addition to dopamine, serotonin (5-HT) also has widespread disbursement and highly
variable effects in the brain. It is released from neurons that sit in the raphe nuclei,
which project all over the cortex as well as to subcortical structures (Vertes et al.,
1999a). The hippocampus is innervated by the median raphe (Aznar et al., 2003), while
the rest of the cortex is innervated by both the dorsal and median raphe (McQuade &
Sharp, 1997). In the hippocampus, serotonergic fibers identified by anterograde tracer
injected into the median raphe, are found to be especially dense in the strata radiatum
and lacunosum-moleculare, via either the fimbria/fornix or the cingulum bundle (Vertes
et al., 1999b).
In addition to many functions in the periphery, 5-HT effects bodily responses that are
tied to resource availability, such as appetite, growth, and energy use (Vijay et al.,
2009). Brainstem serotonergic transmission also modulates autonomic responses such as
respiration (Ballanyi et al., 1999), which may in turn affect heart rate, and a recent
hypothesis is that dysfunction in this system may lead to sudden infant death syndrome
(Nattie, 2009; Duncan et al., 2010). However, due to the fact that anti-depressants act on
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serotonergic transmission, it is clear that serotonin is also an important modulator of
mood and cognition.
The serotonergic system affects multiple cognitive functions such as spatial working
memory (Egashira et al., 2006), contextual learning (Eriksson et al., 2008), sensorimotor
gating (Bubeníková-Valesová et al., 2007) and anxiety (Gross et al., 2002). Importantly,
many atypical antipsychotics act as partial 5-HT1A agonists and 5-HT2A antagonists,
while typical drugs do not (Richtand et al., 2008). While some of the benefits seen in
these pharmaceuticals are due to a reduction in extrapyramidal side effects (Millan,
2000), it appears that some cognitive improvements may also be attributed to the more
broad binding profile seen in atypical antipsychotics (Meltzer & Sumiyoshi, 2008). In
the dentate gyrus of the hippocampus, it has also been suggested that serotonin may
regulate neurogenesis, potentially aiding the brain’s ability to form new memories
(Schreiber & Newman-Tancredi, 2014). Multiple studies correlate 5-HT metabolite
levels in the bloodstream and 5-HT receptor expression with cognitive decline in
Alzheimer’s disease and depression, though with conflicting results (for review see
Meltzer et al., 1998).

2.10 Serotonin receptor subtypes
5-HT receptors are even more diverse and complex than dopamine receptors, with 7
main subtypes (5-HT1-7), most of which have several common variants seen in
differing concentrations throughout the CNS and the peripheral nervous system. Most of
these receptors are G-protein coupled, save 5-HT3, which is an ionotropic receptor. For
brevity’s sake, this thesis will only focus on a few receptors, specifically those found in
some capacity in the hippocampus, but for an exhaustive review see (Raymond et al.,
2001).
5-HT1A is the most widely studied serotonin receptor in the brain, as it was one of the
first to be cloned and has several fairly selective agonists and antagonists (Humphrey et
al., 1993). It is coupled to Gi/o, and thus inhibits adenylyl cyclase, having an inhibitory
mechanism (Raymond et al., 2001). While the mechanism to inhibit adenylyl cylcase is
present in most cells of the brain that express 5-HT1A thus-far studied, CA1 pyramidal
cells additionally couple to an inward-rectifying potassium channel (Andrade & Nicoll,
1987). This channel, Kir3, is formed of both heteromers and monomers of 4 different
subunits (Liao et al., 1996) and couples with several other GPCRs (Kulik et al., 2006).
Activation of this channel leads to a hyperpolarization of active cells which occurs
within a few minutes, followed by a longer, sustained depolarization likely mediated by
5-HT4 (Andrade & Nicoll, 1987; Bickmeyer et al., 2002). In the hippocampus, 5-HT1A
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is enriched in the pyramidal cell layer, and has a higher density in the ventral vs. dorsal
regions (Tanaka et al., 2012). While most other receptors (except 5-HT1B) are mainly
located post-synaptically, 5-HT1A is found in abundance both pre- and post-synaptically
(Lladó-Pelfort et al., 2012a), and since it is inhibitory, presynaptic activation acts as net
excitatory as it inhibits vesicle release, and thus prevents post-synaptic inhibition
(Sprouse & Aghajanian, 1987). This dichotomy has led to differential effects seen with
varying concentrations of systemically administered 5-HT1A agonists, similarly to the
effect of D1 in the prefrontal cortex. Evidence suggests that high doses may be
detrimental, while low doses may improve cognitive function (Bubeníková-Valesová et
al., 2007; Meltzer & Sumiyoshi, 2008), theoretically because low concentrations will
mainly bind somatodentritic receptors in the raphe, inhibiting 5-HT release, while higher
concentrations will also bind postsynaptic receptors (Warburton et al., 1997; Madjid et
al., 2006).
Another abundant 5-HT receptor in the brain, 5-HT2A, is found throughout the
neocortex and hippocampus (Amargos-Bosch, 2004; Tanaka et al., 2012). 5-HT2A is
often found on the same cell types as 5-HT1A, but it is thought that they have disparate
cellular localizations. For example, CA1 pyramidal cells express both receptors, but 5HT2A is located on the soma and proximal dendrites (Bombardi, 2012), whereas 5HT1A localization is less well known due to unspecific antibodies, but physiological
experiments suggest that is most highly expressed on the more distal dendrites (Andrade
& Nicoll, 1987). This dual expression of two receptors with opposing effects allows for
bi-directional modulation of pyramidal cell excitability. Indeed, complicated and
sometimes conflicting physiological and behavioral outputs have been observed due to
5-HT receptor activation in both the hippocampus and prefrontal cortex (Araneda &
Andrade, 1991; Cadogan et al., 1994; Warburton et al., 1997; Bubeníková-Valesová et
al., 2007; Andrade, 2011). Behaviorally, 5-HT2A antagonism has been shown to
modulate spatial discrimination, passive avoidance, and learning consolidation (Normile
& Altman, 1988; Meneses, 1999; Williams et al., 2002). Pharmacological effects of 5HT2A are complicated, however, and older experiments that deal with 5-HT2 activation
do not discriminate between 2A and 2C, thus their activation is often confounded (but
see Boulougouris et al., 2008). As most common pharmaceuticals are antagonists at
both 2A and 2C, for the experiments in study III, a dual antagonist was used, and since
no noticeable effects were seen, more specificity was not sought after.
5-HT3 is the one receptor subtype that is unequivocally present in the hippocampus, yet
unequivocally not on pyramidal cells. This receptor is a bit of an anomaly in other ways
as well, as it is the only of the receptors that does not couple to a GPCR, but rather
directly opens a cation-selective ion channel, rapidly depolarizing cells (Maricq et al.,
1991). This receptor has not only been found to be exclusively located on GABAergic
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interneurons, but also only those that are generated from the caudal ganglionic eminence
(CGE) during development (Lee et al., 2010). As discussed above, the typical
GABAergic cell type that contributes most heavily to maintenance of gamma
oscillations is the parvalbumin-positive basket cell, which develops from the medial
ganglionic eminence (MGE), and thus has no 5-HT3. Thus, 5-HT3 was not
hypothesized to modulate gamma oscillations. A recent study has shown that MGE
derived O-LM cells fire with higher probability than CGE derived interneurons during
gamma oscillations, although 5-HT3A activation increased the firing probability in the
CGE O-LM cells alone. This 5-HT3A activation, however, did not seem to have an
effect on the power of the field oscillation (Chittajallu et al., 2013). Nonetheless, 5-HT3
has been implicated in working memory and passive avoidance tasks, and 5-HT3
antagonists seem to be pro-cognitive (Meneses, 1999). Also, in a study in which 5-HT3
antagonists were administered with atypical antipsychotic medication, schizophrenic
patients showed reduced negative symptoms and overall psychopathology (Zhang et al.,
2006).
Because multiple 5-HT receptor subtypes are present in hippocampal pyramidal cells, it
becomes difficult to determine the physiological effects of activation during different
cortical states. The aim of study III was to determine the effects of activation of several
receptor subtypes on induced hippocampal gamma oscillations

2.11 Fluoxetine
The preliminary data included in this thesis focuses on the serotonergic system in the
hippocampus of juvenile rodents, only rather than modulation of normal control animals,
pregnant mothers were instead treated with fluoxetine, the drug that is commercially
marketed as Prozac. Fluoxetine is an SSRI, mainly prescribed for depression and bipolar
disorder, and occasionally for anxiety disorders (Cipriani et al., 2009). Often prescribed
for peripartum depression, fluoxetine is generally seen as safe for developing fetuses and
infants, (Riggin et al., 2013), but some studies in rodents have shown some slightly
concerning effects after in utero exposure to fluoxetine in experiments that are difficult
or impossible to perform on humans, such as long term behavioral studies, anatomical
abnormalities, and physiological differences. These pups have been shown to exhibit
reduced exploratory locomotion, along with having some anatomical differences
(Kiryanova et al., 2013). One study has shown that this exposure results in a decrease in
dendritic complexity in thalamo-cortical afferents and layer V stellate cells of exposed
pups (Smit-Rigter et al., 2012). Interestingly, this phenotype is blocked in 5-HT3
knockout mice, suggesting a possible loss of developmental signal from neighboring
interneurons, which resulted in over-pruned pyramidal cell dendrites.
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As a pharmaceutical, fluoxetine has a two-phase effect on patients. First, it may
antagonize symptoms, likely due to the primary effects on pre-synaptic inhibition of 5HT release after a decrease of 5-HT transport. However, after a few weeks of treatment,
patients generally begin to show signs of improvement after 5-HT1A raphe and 5-HT1B
presynaptic receptors begin to desensitize, though that mechanism is yet uncertain
(Perez-Caballero et al., 2014). Thus, most treatment paradigms wait several weeks to
determine whether or not the drug will be efficacious for the patient. In parallel, most
experiments studying chronic treatment in rodents follow a long treatment protocol,
though in utero experiments are of course constrained by a short pregnancy.
To complicate matters, fluoxetine also seems to affect both glutamatergic and
GABAergic transmission, though these experiments are mostly done with quite high
doses of acute drug application in vitro, which may not be pharmacologically relevant.
However, network activity in the form of both gamma oscillations and neonatal giant
depolarizing potentials are affected with this application, which may suggest an effect of
fluoxetine on network activity after exposure during development (Méndez et al., 2012;
Caiati & Cherubini, 2013).
These previous experiments allowed us to hypothesize that in utero fluoxetine treatment
might have an effect on both anatomy and network activity in the hippocampus. Thus,
fluoxetine or vehicle was administered to pregnant mothers from day E10 until birth,
and when the pups were adolescents, P14-21, basic neuronal characteristics and network
activity were assessed.
Using the methods found in the following sections, we have assessed the responses of
pyramidal cells and interneurons to determine the effects of the above neurotransmitters
on hippocampal gamma oscillations and circuit development. We have found that in
utero exposure to fluoxetine may alter GABAergic transmission in pyramidal cells, and
that gamma oscillations can be bi-directionally modulated with aminergic agonists:
increasing with D4 activation and decreasing with 5-HT1A activation. Though differing
in their mechanism, the ability of the brain to regulate the activity level in the
hippocampus allows it to rest, learn, and remember.
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3 SPECIFIC AIMS

T

he overarching aim of the research presented in this thesis was to form a better
understanding of how dopamine and serotonin modulate fast network oscillations
in the gamma-frequency range (20-80 Hz), and to provide evidence for bidirectional
modulation of these oscillations via different receptor subtypes. Additionally, effects of
aminergic modulation on secondary systems were assessed in study I, and associations
of network interactions with regularly prescribed medications for neuropsychiatric
disorders were evaluated in studies I, II and in the preliminary data. Specific aims for
each included study are further outlined below:
I.

The aim of Study I was to determine if activation of any specific subtype of
dopamine receptor affected hippocampal gamma oscillations, and to
examine any associations between the effect of D4 activation and the effect
of NRG/ErbB4 signaling.

II.

The aim of Study II was to further study the D4 activated increase in
gamma oscillation power, assessed by whole-cell patch clamp recordings of
parameters such as rhythmicity, action potential attributes, and coherence
with the field oscillation in specific cell types to determine a distinct
mechanism.

III.

The aim of Study III was to evaluate how activation of individual 5-HT
receptor subtypes contributes to the 5-HT-induced decrease in hippocampal
gamma oscillations, and to determine what cellular mechanisms and specific
cell types are involved.

IV.

The aim of the Preliminary results experiments was to determine if
fluoxetine, which influences serotonergic mechanisms, effects development
of networks in the hippocampus, and whether pyramidal cell and interneuron
signaling was impaired.
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4 MATERIALS AND METHODS

W

hile the attached articles and manuscripts will provide more detailed accounts of
individual experiments, this section will focus more on justification of the use of
one technique over another, and will attempt to explain the rationale and motivation
behind the materials and methods that were used in the thesis work.

4.1

Ethical considerations

All experiments followed ethical permits issued either to André Fisahn by the regional
ethical board in Sweden (Norra Stockholms Djurförsöksetiska Nämnd) or to Chris
McBain by the National Institutes of Health. Experiments were carefully considered so
as not to unnecessarily sacrifice animals, but still the moral question of whether or not
the use of animals to conduct the studies at all must be addressed. The argument for
animal, and particularly rodent, use may be made in this case, as neural network activity
cannot be elicited from any sort of immortal cell line, and mammals are the only animals
with complex enough cortices to elicit this type of activity. This network activity is
clinically relevant, as aberrant gamma oscillations are, as discussed in the introduction,
implicated in a range of disorders with cognitive deficits. The neuromodulatory systems
covered in this thesis are also targets of many psychoactive drugs, both prescribed and
those of abuse. While one way to reduce the number of animals used experimentally is
to use existing computer models, and modeling data greatly enhances our understanding
of networks, these must be made based on some amount of empirical data, and the data
presented in the thesis is novel enough to have not yet been incorporated into any known
model of hippocampal gamma oscillations.

4.2

Animals

Rodents were used over other animal models mainly as they are easy to work with, well
characterized, and as described above, have an evolved enough cortex to elicit gamma
oscillations. In some studies rats are used, while mice are preferred in others. This
decision is essentially made based on the presence or absence of useful transgenic mice.
In the instance where wild-type animals are used alone, rats were used as they provide
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more reliable and stable gamma oscillations. In the event that a useful transgenic mouse
was available, as in study III, rats were used for local field potential recordings and
pharmacology, while wild-type mice were used as a control for any experiments with
the transgenic animals. In this case, the main effect was ensured to be present in both
species. For the preliminary data section, 5-HT3 GFP mice were used, as the initial
hypothesis was that transmission via 5-HT3 receptors might be involved in any
structural reorganization or changes in 5-HT transmission.

4.3

Fluoxetine administration

Following the example of (Smit-Rigter et al., 2012), 5-HT3-GFP mice, housed on a 12hour light/dark cycle, were bred and pregnancy was determined by checking daily for
vaginal plugs, with embryonic day 0 (E0) was marked as the day a plug was observed.
Once pregnant, females were housed alone and given ad libitum access to food and
water. Beginning on E10, pregnant females were injected intraperitoneally with 0.6
mg/kg/day fluoxetine dissolved in 9% saline or an equivalent volume of vehicle only.
For electrophysiology, slice preparations were made following the methods for mouse
experiments in study III. Data acquisition included gap-free current-clamp recordings of
the LFP (as can be found in studies I, II, and III), and gap-free voltage-clamp recordings
of spontaneous EPSCs and IPSCs as described below.

4.4

Slicing methods

Though only a few decades old, the patch clamp technique has as many variables as it
has users, as every electrophysiologist has found their own preferred method for data
collection. Solutions for slicing, recovery, and recording are highly debated, and the
components present inside the pipette may vary significantly as well. Additionally, one
must take into account the slice thickness, holding chamber style, and flow rate. Briefly,
I will justify the specific parameters that have been used in the following experiments.
Many studies regarding slicing and recovery solutions for maintenance of healthy
neurons have recently been published. These solutions contain antioxidants to aid in
mitigating effects of excitotoxicity. Na+ pyruvate and ascorbic acid were added to our
cutting solution for these very reasons. While some labs advocate for an even higher
level of antioxidant exposure, or for the use of an NMDG or choline recovery solution
post-slicing (Tanaka et al., 2008), the benefits of these solutions seem to be mainly seen
in older animals, the most beneficial solution for young (P14-21) animals seems to be a
full or partial sucrose substitution for NaCl in the slicing solution. The sucrose maintains
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the osmotic balance in the extracellular milieu, while decreasing the availability of both
Na+ and Cl-. As neurons become anoxic, they begin to depolarize, allowing for Na+ to
enter the cell. Additionally, Cl- is thought to passively enter the cell and cause swelling
from osmotic pressure (Aghajanian & Rasmussen, 1989). Thus, I have used a partial
sucrose solution for slicing which additionally has a high ratio of magnesium to calcium
ions, in order to decrease the amount of depolarization-induced calcium influx during
slicing.
While the slicing solution was the same for both rat and mouse preparations, slight
modifications were made in the solution used for the recovery and recording based on
the species used in the experiment. As mentioned above, KA-induced gamma
oscillations are generally more stable and more regular in rats as compared to mice, and
sections of mouse hippocampi are also more susceptible to interictal seizure activity. We
found, through the course of experimentation, that an extracellular solution with slightly
lowered levels of bicarbonate and potassium mitigates the frequency of KA-induced
interictal events in mouse hippocampal slices. In all other respects, the slicing and
recording solutions used in the thesis experiments are standard for recordings from
juvenile rodents. These solutions were also used within electrodes used for LFP and
cell-attached recordings.
Likewise, the K-gluconate intracellular solution used in most recordings is standard in
our field of research, occasionally with the addition of biocytin to allow for the
morphology of the recorded cells to be observed post hoc. In some experiments, wherein
we wanted to observe only inhibitory currents in voltage clamp, a cesium-based solution
was used to intracellularly block potassium channels. For the experiments in the
preliminary results section, a standard cesium-based solution with a high concentration
of Cl- was used to shift the reversal potential of Cl- to around 0 mV so that IPSCs could
be recorded as outward currents at -70 mV. However in manuscripts I and III, the
solution was similar to the K-gluconate solution in terms of chloride concentrations. In
these experiments, AMPA receptors could not be pharmacologically blocked during
ongoing KA-induced oscillations, so neurons were held at 0 mV, the reversal potential
for AMPA receptors. Thus, in order to record the inward IPSCs, the chloride reversal
was set far from 0 mV (roughly -70 mV) with a low intracellular level of chloride.
As for the tissue and recording apparatus, sections between 300 and 400!m were
maintained in an interface holding chamber. The sections must be thin enough that
enough light permeates to see individual cells in the recording chamber, but thick
enough to contain sufficient circuitry to evoke oscillatory activity. An interface chamber
supplies sections with artificial cerebrospinal fluid (ACSF) from below and humidified,
oxygen-rich air from above, keeping slices healthier than a traditional submerged
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chamber. Another trick to maintain healthy oscillations is to keep the bath in the
recording chamber to a relatively small volume and to maintain a high flow rate (about 5
ml/min). This allows for rapid ACSF exchange, ensuring a constant supply of oxygen
and KA.

4.5

Recording protocols

For all recordings, data was sampled at 10 kHz, amplified with a Multiclamp 700B
amplifier, digitized with a Digidata 1322A digitizer, and stored with Clampex software
on a PC. All analysis was made offline. All LFP recordings use a gapfree current clamp
recording protocol, as do the experiments with spontaneous or KA-evoked post-synaptic
currents or action potentials.
Input-output curves (I-V curves, study I and III) were recorded in voltage clamp, where
cells were held at -70 mV, and stepped to both more negative and more positive holding
levels. Steady state current responses were then plotted against voltage level. This
technique has a fairly high level of variability, especially at very depolarized levels, and
for this reason, any significant change (>30%) in access resistance resulted in the
exclusion of that data point. Still, these fairly variable results should be taken with a
grain of salt and results were confirmed with more reliable methods.
Additional protocols were used to assess interneuron subtype in studies I and III. Current
clamp protocols were used to determine the firing properties of several types of
interneurons. The first protocol determined firing rate, accommodation, and presence of
h-current, and consisted of a series of current steps above and below rest. The second
was a ramp that hyperpolarized the cell and depolarized it with a steadily increasing
holding current, to determine if the cell would fire continually through the ramp. The
third was a burst protocol, in which a small current pulse was injected, and then within
that step another pulse was injected, to determine if the cell would burst fire at a very
high frequency. For inclusion and exclusion parameters regarding these protocols, see
the supplementary data for study I. These parameters were used as fast-spiking
interneurons, though difficult to target without a fluorescent label, have a fairly distinct
firing profile, and action potential shape, and can thus be segregated from their non-fastspiking counterparts.
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4.6

Data Analysis

All data analysis occurred offline using Axograph X (Berkely, CA), Kaleidagraph
(Synergy Software), or MatLAB (Mathworks, Matick, MA). Statistical analysis was
carried out in GraphPad Prism (GraphPad Software, Inc). For power-spectral analysis of
both LFP recordings and whole cell recordings, 60 second long traces were converted
into a spectral density plot using a fast-fourier transform (FFT) in Axograph. This
program computes the transform using the raw trace split into segments and then
averages them to create a spectrum that is smoother than those seen with a direct
transform. The area under the curve within the frequency range of gamma-oscillations
(20-80 Hz for studies I and II, 20-60 Hz for study III) is then taken to determine the
power spectral density of the oscillation. This estimate takes into account all frequencies
in the gamma range, and not just the peak frequency. In some figures, the data shown
are normalized to the baseline KA oscillation, but for all statistical tests, raw data was
compared. In study III, spectrograms were made for visualization, but were not used for
any analysis. These were created in MatLAB by computing a discrete fourier transform
for a short section of raw data (in this case 4 seconds), and then moving the window by a
set number of points to a later time point (in this case 1 second), and computing a new
transform. The resultant series of transforms are then displayed sequentially, with time
displayed on the x-axis, spectral frequency on the y-axis, and the third dimension of
power displayed as color. This functions to qualitatively observe any changes in peak
frequency and in power over time.
For analysis of individual synaptic events, template analysis was used. An algorithm
implemented in Axograph (Clements & Bekkers, 1997) matches a user-defined template
to the raw trace to find events that match in shape and kinetics, with variable amplitudes.
These events are then collected as a group of post-synaptic currents for analysis. While
deconvolution techniques have been used to detect events with very high fidelity,
(Pernía-Andrade et al., 2012), events evoked by kainate are fairly robust and easily
detected by template analysis. For accuracy, the analysis was run with several different
templates to ensure consistency. Additionally, the whole cell recording and the LFP
recording was analyzed using a custom-written routine in MatLAB that produces an
estimate of the magnitude of the coherence between two signals, given as a number
between 0 and 1, with 1 being an identical signal. The coherence is found by calculating
the cross spectral density of two signals using a periodogram. This analysis is preferred
to a cross-correlation as it takes into account the peak spectral density of each trace,
conveying information about similarities in the frequency domain, while a crosscorrelation will only convey variance and time lags between the traces.
IV curves were made only from recordings wherein a very consistent access resistance
was maintained. This is vital as currents vary widely, especially at more depolarized
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potentials, and this variation increases with any changes in the consistency of patch
quality. In order to observe the activation of any active currents, subtractions were made
from the steady state current from each step, in our case the last 100 milliseconds of
each 500-millisecond step. In study I, an ANOVA was made to assess differences at any
level, as no obvious current was present. However, in study III, currents were instead
measured in terms of the amount of inward rectification, known as a rectification index.
An obvious 5-HT induced inwardly rectifying current was observed in wild-type
animals and blocked with antagonists, making this analysis more applicable. For plots in
study III, data was normalized to the first point for visualization purposes.
One technique used to determine how an individual cell type contributes to a network
oscillation is to assess whether or not a cell fires preferably in a specific phase of the
field oscillation. First, the field recording is band-pass filtered in the gamma-band
frequencies. A bidirectional filter is used as unidirectional filters result in a phase shift,
which would result in a shift in the analysis as well. In order to quantify how strongly
phase-locked an individual cell is, the filtered field signal must be transformed. This is
achieved with a Hilbert transform, which calculates the analytic representation of the
signal, maintaining the time domain, so that the instantaneous phase can then be
determined. The trough of the oscillation is assigned the phase angle of -"/2 and the
peak is assigned "/2, and other angles are distributed accordingly. Next, each individual
action potential is assigned a vector of length 1 with an angle corresponding to the
instantaneous phase of the field at the same time. Once all of these vectors are assigned,
they are averaged to calculate a phase-density vector that describes both the preferred
phase of firing (the angle) and the regularity with which the cell fires at or near this
angle (the vector length). This spike-phase analysis allows for subtle changes in firing
accuracy to be elucidated, as is seen in study I.
To analyze other current clamp recordings, a method of estimating the membrane
potential during continuous activity was necessary. To make this estimate, an average of
the membrane potential excluding the action potentials was made. The median potential
of the whole trace was identified, and any points that were more than 2 standard
deviations away from this point, which inherently contained most of the points in any
action potential, were excluded from analysis. The remaining points were averaged to
estimate the potential. In cases where no action potentials were fired, traces were just
averaged. Estimation of the membrane potential in any cell is difficult, as breaking in to
the cell immediately alters the osmotic balance, which continues to alter the membrane
potential as the solution inside the pipette washes out the intracellular milieu. Thus, this
measurement must be taken only as an indication of the activation of a current and
should be corroborated with voltage clamp experiments, as in study III.
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5 RESULTS AND DISCUSSION

T

he purpose of this section is to recapitulate the main findings of the studies included
in the thesis and to briefly discuss their implications and their connections to one
another. For a more detailed account of the studies, please refer to the attached
manuscripts.

5.1

Study I

In this paper we have shown that selective activation of the dopamine receptor D4, but
none of the other dopamine receptors, strongly augments the power of hippocampal
gamma oscillations. Previously it had been reported that dopamine suppresses
hippocampal gamma oscillations induced by both KA and carbachol (Wójtowicz et al.,
2009). In our study we have systematically isolated different receptor subtypes to
determine whether or not the augmentation of gamma oscillation power was dependent
on a specific receptor, and/or a specific cell type. Interestingly, our first finding was that
the main effect reported previously, a decrease of gamma oscillation power following
dopamine application, could not be reproduced. At concentrations ranging from 10 nM
to 200 !M dopamine, KA-induced oscillations persisted with the same power and
frequency as in control conditions.
To unravel the contradiction between our results and previous reports we sought to
uncover whether or not a subtype-specific effect, such as the D1/5 receptor effect seen in
the Wójtowicz et al. study could be masked by activation of other dopamine receptor
subtypes. We found no effect on gamma oscillation power or frequency following
activation of the D1/5 receptors with the agonist SKF81297 (1 !M) in the local field
potential (LFP). However, when we blocked the D1/5 receptors with the antagonist
SCH23390 (300 nM), application of dopamine actually increased the power of gamma
oscillations, without affecting frequency. This suggested that D2-type receptors might
have an influence on network activity. As there are actually 3 D2-type receptors, we
assessed an agonist of both the D2/3 receptors (7-OH-DPAT, 100 nM) and the D4
receptor (PD168077, 100 nM), and found that only the D4 receptor agonist had an
effect, namely increasing the power of gamma oscillations to 140% of control condition.
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This effect of D4 receptor activation could be blocked by the D4 receptor antagonist, L745,870, but not by the D2/3 receptor antagonist, confirming it’s specificity (Fig. 2A).
Curiously, the D1/5 receptor antagonist could also block the effect. This suggested that
activation of these receptors does not affect gamma oscillations themselves, but does
have the ability to mask the effect produced via D4 receptor activation.
Because D4 receptor concentration in the hippocampus is low, and no reliable antibodies
exist, the cellular location of the receptor was determined by our collaborators using in
situ hybridization with a radiolabeled antisense cRNA against D4. Labeled cells were
found mostly on the edges of and just outside of the pyramidal cell layer, suggesting
their expression to be on GABAergic interneurons. Indeed, these cells co-labeled with
GAD-67 in both double in situ hybridization and immunofluorescence using an anti-sera
to D4 that gives the same staining pattern as that seen by mRNA staining in situ.
Importantly, the D4 receptor also co-localizes in the same interneurons with ErbB4, the
neuregulin-1 (NRG-1) receptor, and parvalbumin (PV), a calcium binding protein
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Figure 2 Summary of study I data. A. D4 receptor activation increases power of gamma
oscillations, this effect is blocked by the D4 blocker LY-745,870, but not by the D2/3 blocker,
sulpiride. B. NRG-1 also increases gamma oscillations, which is also blocked by LY745,870,
and by the neuroleptic clozapine. C. D4 receptors and ErbB4 colocalize on PV+
interneurons.
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(Fig. 2C). The subset of interneurons expressing PV is derived from the medial
ganglionic eminence (MGE) during development and contains fast-spiking basket cells
(Xu et al., 2004). A majority of the D4-expressing cells expressed both PV and ErbB4
and were located in and near the pyramidal cell layer, suggesting that they may indeed
be basket cells. Because D4 and NRG-1/ErbB4 have been shown to interact during
plasticity in the hippocampus, their interaction in regards to gamma oscillations was
assessed (Kwon et al., 2008). As shown previously, NRG-1 augments gamma
oscillations (Fisahn et al., 2009). Interestingly, this effect could be partially blocked by
both the D4 receptor antagonist, as well as the antipsychotic clozapine, which also
blocks the D4 receptor and the D4-mediated increase in gamma (Fig. 2B). This suggests
that a common mechanism exists to associate NRG-1/ErbB4 signaling with that of D4.
Both D4 and ErbB4 activation have been shown to regulate the expression of glutamate
receptors (Kwon et al., 2005; Yuen & Yan, 2011; Herwerth et al., 2012), so it is
possible that these regulatory pathways may share a common downstream effector, or
may require activation of both receptors. Thus, blocking the D4 receptor may antagonize
this pathway, resulting in an attenuation of the effect seen with both receptors available
on the cell. As NRG-1 has also been shown to stimulate dopamine release, it is possible
that the effect of NRG-1 on gamma oscillations is partially mediated via dopamine
release, and thus blocking the D4 receptor, the only receptor augmenting gamma
oscillations, would result in a reduction of the NRG-1 effect (Kwon et al., 2008).
That the D4 and NRG-1/ErbB4 systems may be intertwined is of great clinical
significance for possible treatment of schizophrenia. NRG-1 has been associated with a
slightly increased risk for developing schizophrenia (Hall et al., 2006), and D4 is a
target of many antipsychotic drugs, specifically clozapine, which is often administered
in cases when patients do not respond to other medications (Elkis, 2007). Based on this
study and others exploring the relationship between D4 and NRG-1, it would be
interesting to know the relationship between patients expressing the NRG-1 variants that
are more at risk for schizophrenia and their responsiveness to antipsychotic medications.
As medicine moves continually more toward more personalized care, so too should our
understanding of signaling systems that may interact differently within individual
patients.
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Study II

While study I explored the dopamine
receptor subtype-specificity and the
expression profile of the responsible
D4 receptor, study II examined the
cellular mechanisms underlying the
D4 receptor-induced increase of
gamma oscillation power. For this
study, many of the experiments
employed concomitant whole-cell
patch clamp and LFP recordings.
Thus, any changes to electrophysiological
parameters
within
different identified cell types with
reference to the field potential
oscillation could be analyzed and
pharmacologically dissected.
We confirmed a persistent increase in
gamma oscillation power following
application of the D4 receptor agonist,
PD168077, and the ability to block this
effect with both the selective D4
receptor antagonist, L745,870 and
clozapine, a neuroleptic drug with a
strong affinity for D4 (Fig. 3A).
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We next recorded KA-evoked
rhythmic excitatory and inhibitory
post-synaptic currents (EPSCs and
IPSCs, respectively), and analyzed
Figure 3. Summary of study II data. A. D4
receptor activation increases gamma
oscillations, which can be blocked with
L745,870, clozapine, and AP5. B,C. EPSC
(B) and IPSC (C) amplitude does not change
with D4 activation. D. EPSC coherence does
not change with D4 activation. E. IPSC
coherence increases with D4 activation.
F,G. FS interneuron firing becomes more
coherent with D4 activation

their level of coherence with the local field potential oscillation. EPSCs were not
affected by the activation of the D4 receptor during ongoing gamma oscillations. Their
amplitude, frequency, coherence with the field, and gamma-frequency power all
remained statistically unchanged from that of control conditions (Fig. 3B,D). In contrast,
while IPSCs showed no change in amplitude, frequency, and gamma-frequency power
in response to the D4 receptor agonist, they became more coherent as compared to the
field oscillation after D4 receptor activation (Fig. 3C,E). This suggests that there may be
an increase in interneuron synchrony following activation of the D4 receptor with
PD168077.
To rule out any modulation of the pyramidal cells (PCs), rhythmic PC firing during
ongoing gamma oscillations was recorded in parallel with the local field potential. PCs
did not change their firing frequency, nor their preferred phase angle or phase-coupling
vector length. Additionally, coherence of the sub-threshold membrane potential
oscillation with the field gamma oscillation remained unchanged following D4 receptor
activation. Because none of the electrophysiological parameters of the PCs themselves
changed, while the incoming inhibitory post-synaptic currents became more coherent,
we recorded from interneurons near the pyramidal cell layer, as they were most likely to
express the D4 receptor, as seen in study I.
In order to more clearly differentiate between interneuron cell types, firing protocols to
assess the ability of a cell to fire at very high frequencies were used to segregate cells
into fast-spiking (FS) and non-FS interneurons (for more details, refer to the materials
and methods section). Within these cell types, the same parameters used to assess PC
spiking vs. LFP were analyzed. We found that, while none of the interneurons
categorically changed their firing phase preference or frequency, FS interneurons began
to fire more precisely. That is, the length of their phase-coupling vector increased and
the coherence between the membrane potential fluctuation and the LFP increased,
neither of which was seen in non-FS interneurons (Fig 2F,G).
We next tested whether or not an AMPA dependent mechanism was mediating the
increase in coherent firing of FS interneurons. Spontaneous AMPA/KA dependent
EPSCS, in the presence of blockers of NMDA receptors and GABAA receptors, showed
no change in frequency or kinetics in FS interneurons following the application of
PD168077. Next, to test interactions between NMDA receptor conductance and the D4
receptor effect, we recorded the LFP in KA-induced gamma oscillations and blocked
NMDA receptors with AP-5 before applying PD168077. While application of AP-5 had
no effect by itself on the gamma oscillation power, it blocked the effect of D4 receptor
activation on the field oscillation (Fig. 3A).
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The possibility for D4 receptor activation to drive a change in NMDA receptors on FS
interneurons is entirely feasible, as D4 receptors have been shown to regulate not only
NMDA receptors, but also AMPA and GABAA receptors (Wang et al., 2002; Yuen &
Yan, 2009; Herwerth et al., 2012). Paired recordings from pyramidal cells and PV+
interneurons may help to elucidate any changes in glutamate receptor transmission. To
further determine the effect of D4 receptor activation on NMDA receptors, it would be
interesting to ascertain anatomical data addressing a D4 receptor activated change in
NMDA receptor localization. As the GluN2B receptor has been associated with D2-type
receptors, and indeed GluN2B current is decreased with D4 receptor activation in CA1
(Herwerth et al., 2012), it is possible that activation of D4 receptors in CA3 is also
modulating the expression of GluN2B subunits, which could be verified using electron
microscopy as in (Wyeth et al., 2014). D4 receptor activation may be decreasing the
number of NMDA receptors in PV+ interneurons, which has been shown to increase
gamma oscillations (Korotkova et al., 2010).
The effect of D4 receptor activation also seems to persist in vivo as D4 activation
increases gamma oscillation power in both the hippocampus and several cortical areas
during active waking, both in healthy animals and in a developmental model of
schizophrenia (Kocsis et al., 2013). In humans, gamma oscillation anomalies are seen in
schizophrenic patients, though the exact deficits remain unclear. Studies of resting state
gamma oscillations, those recorded during wakeful rest and usually with the eyes closed,
have shown to be both increased (Venables et al., 2009) and decreased (Rutter et al.,
2009) in schizophrenic patients. More consistent results are seen in studies showing a
decrease in event-evoked gamma oscillations following presentation of an audio or
visual stimulus (Kwon et al., 1999; Spencer et al., 2008a; Spencer et al., 2008b). As
these perturbations of gamma oscillations are variable and not well understood, it is an
important avenue of study to ascertain not only the network deficits in unmedicated
patients, but also effects of any neuroleptic drugs, and especially interesting in light of
this study and study I, D4 receptor antagonists.
In postmortem studies of schizophrenic patients, the mRNA for the D4 receptor is upregulated (Seeman et al., 1993), adding to the intrigue surrounding this receptor that was
found to have an increased affinity for the highly effective drug, clozapine, as compared
to typical antipsychotics (Van Tol et al., 1991). In the search for a psychosis panacea,
specific D4 receptor antagonists were tested in schizophrenic patients and found to be
ineffective at treating acute psychosis, and improving scores on the positive and
negative scales for schizophrenia (PANSS, Mark, 1997; Corrigan et al., 2004). While
this was disheartening from a clinical standpoint, it helps to understand that while the
mechanism of D2 receptor antagonism still seems vital for improving the positive
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symptoms of schizophrenia (delusions, hallucinations, etc.), D4 receptor antagonism
may have additional, pro-cognitive effects. Clinical trials assessing the effect of D4
receptor antagonists in conjunction with antipsychotic medications may show that
patients improve both in their psychosis, and also in their cognitive abilities.
Additionally, these drugs may serve to improve cognition in non-psychotic disorders
that also have associated cognitive decline, such as dementia, ADHD, and depression.
5.3

Study III

The aim of study III was to determine cell-type and receptor subtype-specific responses
to serotonin (5-HT) in area CA3 of the hippocampus during kainate-induced gamma
oscillations. The first experiment was to determine the effect of the native ligand, 5-HT,
on the local field potential. 5-HT decreased the power of gamma oscillations, often to a
point where no discernible peak could be found in the power spectrum after a fastfourier transform of the LFP (Fig. 4B). This effect persisted in the presence of the 5HT2A antagonist, ritanserin, and the 5-HT3 antagonist, tropisetron, but was blocked
with the 5-HT1A antagonist NAD 299 (Fig. 4B). Because former studies have shown
effects of 5-HT2A activation on carbachol-induced gamma oscillations, a 5-HT2A
agonist, TCB-2, was washed onto ongoing kainate-induced oscillations. TCB-2 had no
effect on the oscillations, but the 5-HT1A agonist, 8-OH-dPAT could recapitulate the
reduction in gamma-band power, confirming the effect and the receptor subtypespecificity seen with the antagonist (Fig. 4B).
To determine the cell types responsible for this alteration in gamma oscillations,
excitatory and inhibitory post-synaptic currents (EPSCs and IPSCs, respectively) were
recorded in pyramidal cells from rat hippocampal slices. Both EPSCs and IPSCs
decreased in coherence, amplitude, and gamma-band power, but while EPSCs decreased
in frequency, IPSCs did not (Fig. 4C). This suggests that excitatory drive is reduced
while inhibitory neurons, though no longer coherent with the low amplitude LFP, still
maintain frequent firing.
In order to confirm this, whole cell patch-clamp recordings from parvalbumin-positive
(PV+) fast-spiking interneurons were made in current clamp, with the fast-spiking
phenotype assessed as in study II. Action potentials were recorded during ongoing
gamma oscillations before and after the addition of 5-HT. Fast-spiking interneurons,
which have a strong modulatory effect on pyramidal cells and on gamma oscillations,
did not change their firing frequency nor membrane potential following 5-HT receptor
activation, confirming that the effect seen in the field may be due to modulation of the
pyramidal cells.
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Figure 4. Summary of study III data. A. Spectrograms of gamma-frequency activity after
application of 5-HT in wild-type and 5-HT1A knockout mice. B. Population data showing 5HT and 8-OH-dPAT induced decreases in gamma, which is blocked in the knockout, and
blocked with NAD 299 and Tertiapin-Q. C. EPSC and IPSC amplitudes decrease with 5-HT
application, but while EPSC frequency decreases, IPSC frequency does not. D,E. 5-HT
induced membrane potential hyperpolarization (D) and firing frequency decrease (E) seen in
wild-type animals is absent in 5-HT1A knockout animals and in the presence of NAD 299 and
Tertiapin-Q. F. 5-HT induced inward-rectifying current is absent in 5-HT1A knockout
animals and in the presence of NAD 299 and Tertiapin-Q. G. Quantification of the data in (F)
as a rectification index.

To determine the effect of 5-HT application on pyramidal cell membrane potential and
action potential firing, whole-cell and cell-attached current clamp recordings were made
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in mice with both intact and genetically deleted 5-HT1A receptors. As a first
experiment, these mice were tested for the main effect of 5-HT on field gamma
oscillations. The hippocampi from wild-type animals showed a reduction in gamma
oscillation power similar to that seen in rats, but oscillations in hippocampal slices from
5-HT1A knockout mice were not attenuated following 5-HT application (Fig. 4A,B). In
the mice with intact 5-HT1A, application of 5-HT during gamma oscillations resulted in
a membrane hyperpolarization in the whole cell recordings of pyramidal cells and a
strong reduction in firing frequency in cell-attached recordings (Fig. 4D,E). These
changes were absent in both the 5-HT1A knockout and in the wild-type mice when the
5-HT1A antagonist NAD-299 was present.
In order to determine whether this effect was caused by network interactions or by
modulation of intrinsic currents in pyramidal cells, I-V curves were generated before
and after the application of 5-HT in both wild-type and 5-HT1A knockout mice with
blockers of ionotropic and metabotropic glutamate and GABA receptors, and the Na+
channel blocker, TTX, present. When the before and after I-V curves were subtracted
from each other, it became apparent that pyramidal cells from wild-type animals
displayed an inward-rectifying conductance, which reversed around -85 mV, near the
reversal potential for potassium (Fig. 4F). This conductance was absent in pyramidal
cells from both knockout animals and wild-type animals with the 5-HT1A antagonist
NAD-299 present (Fig. 4G).
Because 5-HT1A has been shown previously to couple to a G-protein coupled inwardrectifying potassium channel (Kir3, Raymond et al., 2001), we conducted experiments
in the presence of the Kir3 blocker, Tertiapin-Q. Indeed, in the presence of Tertiapin-Q
in wild-type mice, 5-HT failed to reduce the power of gamma oscillations. Also, in
whole-cell current clamp recordings, pyramidal cells did not hyperpolarize, and in cellattached recordings, firing frequency was maintained in the presence of Tertiapin-Q
when 5-HT was applied. Finally, I-V curves were generated, and, similarly to the results
obtained in 5-HT1A knockout pyramidal cells, no inward rectification was seen in the
presence of Tertiapin-Q.
Though in this case acting to hyperpolarize the neuron, the Kir3 channel mainly acts to
keep the cell from hyperpolarizing far beyond the action potential range, as current
passes more easily into the cell than out of it. Thus, if a concomitant hyperpolarizing
force affects the cell along with 5-HT1A activation, the Kir3 channel will instead work
to repolarize the cell. As the hyperpolarization of pyramidal cells is only around -4.5 mV
in the presence of the strong depolarizing force of KA, this effect will be much smaller
in a quiet pyramidal cell. Additionally, it is thought that prolonged activation of 5-HT1A
receptors may result in their internalization in presynaptic, but not postsynaptic neurons
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(Riad et al., 2001; Bouaziz et al., 2014), this would act as another mechanism to
decrease the release of 5-HT in the hippocampus, resulting in less activation of the Kir3
channel.
The effect of 5-HT on network activity in the hippocampus differs from that seen in the
prefrontal cortex, where activation of 5-HT1A on inhibitory interneurons increases
pyramidal cell activity (Lladó-Pelfort et al., 2012b). The cell-type distribution in CA1
may be more similar to that of the neocortex as calbindin- and parvalbumin-positive
interneurons have been shown to express 5-HT1A. The effects of systemically
administered drugs binding 5-HT1A may have opposing effects in the prefrontal cortex
as opposed to CA3 due to this differential expression. Low concentrations of 5-HT1A
agonists will initially bind presynaptic and somatodendritic receptors of serotonergic
neurons, decreasing the release of 5-HT in the hippocampus and cortex (Hjorth & Sharp,
1991). Low dose agonists have been shown to have pro-cognitive effects in rodent
models of schizophrenia and in schizophrenic patients (Sumiyoshi et al., 2001;
Bubeníková-Valesová et al., 2007). This effect is likely due to a reduced release of
cortical and hippocampal 5-HT and is occluded if higher doses of the 5-HT1A agonist
are administered, as it will result in activation of post-synaptic receptors, nullifying the
pre-synaptic effect. This pro-cognitive effect is not seen in healthy individuals, where 5HT1A agonism instead results in a deficit of context-dependent conditioned responses in
rodents (Stiedl et al., 2000).
This study has implications for psychiatric disease research and therapy as many
neuroleptic drugs affect serotonergic transmission, often via agonist properties at the 5HT1A receptor (Meltzer, 2004). These drugs may modulate hippocampal gamma
oscillations by reducing transmission of 5-HT in the hippocampus, lessening the ability
of 5-HT to decrease network activity. This reduced serotonergic tone may boost
oscillatory activity and thus increase cognitive processing. A secondary mechanism of
the pro-cognitive effects seen with 5-HT1A agonists at low doses in schizophrenic
patients may be due to their ability to increase granule cell adult neurogenesis in the
dentate gyrus (Schreiber & Newman-Tancredi, 2014). Serotonergic transmission
continues to be a cornerstone of study for many neuropsychiatric disorders, and study of
the effects of receptor subtypes may be vital to developing new therapies that may be
able to more preferentially target specific symptoms, allowing for personalization of
drugs for patients that may be resistant to other therapies.
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5.4

Preliminary Data

The purpose of the studies described here was to assess any effects of in utero exposure
to fluoxetine on the development of mouse hippocampal neurons. This compound is a
selective-serotonin reuptake inhibitor, and is often prescribed for peri-partum
depression, though its effects on the developing fetus are not well known. We made
whole cell recordings from pyramidal cells in CA1 and CA3 of hippocampi from pups
exposed to either saline (SAL) or fluoxetine (FLX) in utero. In experiments that were
recorded in sufficient numbers in both CA1 and CA3 and in both the control and the
FLX conditions, a two-way ANOVA was used to determine any levels of significance.
Otherwise, a Mann-Whitney U-test was used, and is stated in those cases.
Immediately after breaking into whole cell mode and ascertaining a stable patch, the
resting membrane potential was recorded. While treatment with FLX had no effect on
either group, CA3 pyramidal cells rested at a slightly more hyperpolarized potential than
those in CA1 (Fig. 5B. CA1 SAL: -60.8 ± 1.2 mV, n = 6; CA1 FLX: -59.5 ± 0.7 mV, n
= 8; CA3 SAL: -67.4 ± 1.9 mV, n = 7; CA3 FLX: -62.9 ± 1.9 mV, n = 13; CA region:
F(1,30) = 7.53, p < 0.05; treatment: F(1,30) = 2.64, p = 0.11; interaction: F(1,30) = 0.78,
p = 0.39). Since previous studies have shown a decreased dendritic complexity in
cortical neurons in pups exposed to FLX in utero, we recorded the input resistance as
well. Contrary to the hypothesis, FLX seemed to have no effect on input resistance,
though CA1 pyramidal cells had a significantly lower input resistance than CA3
pyramidal cells, as has been shown before (Spruston & Johnston, 1992),(Fig. 5A. CA1
SAL 141.9 ± 15.4 M#, n = 6; CA1 FLX: 111.5 ± 15.8, n = 6; CA3 SAL: 195.1 ± 28.9
M#, n = 4; CA3 FLX: 179.9 ± 18.7 n = 7, CA region: F(1,19) = 9.86, p < 0.01;
treatment: F(1,19) = 1.39, p = 0.25; interaction: F(1,19) = 0.15, p = 0.69).
Next, spontaneous postsynaptic currents were recorded, either with a normal Kgluconate intracellular solution and the GABAA receptor blocker, gabazine (for sEPSCs)
or a Cs-Cl intracellular solution and the glutamatergic blockers APV and DNQX (for
sIPSCs). For CA1 pyramidal cells, sEPSC amplitude was not altered (Fig. 6A,B. SAL:
19.3 ± 3.7 pA, n = 5, FLX: 19.3 ± 4.3 pA, n = 8, p = 0.82, Mann-Whitney U-test).
Additionally, the kinetics of the sEPSCs were not altered, as there was no change in the
decay time-constant (Fig. 6A,C. SAL: 3.7 ± 0.6 ms, n = 5, FLX: 3.6 ± 0.5 ms, n = 8, p =
0.72, Mann-Whitney U-test). Finally, the frequency of events was also calculated, and
that, too, remained unchanged in CA1 pyramidal cells in the FLX exposed pups (Fig.
6A,D. SAL: 3.1 ± 1.9 Hz, n = 5, FLX: 3.8 ± 0.8 Hz, n = 8, p = 0.34, Mann-Whitney Utest).

35

B

*

Input Resistance (MΩ)

300

200

100

0
SAL
CA1

FLX
CA1

SAL
CA3

FLX
CA3

Resting Membrane Potential (mV)

A

*

-40
-50
-60
-70
-80
SAL
CA1

FLX
CA1

SAL
CA3

FLX
CA3
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potential compared to CA3 pyramidal cells, but FLX exposure has no effect on the membrane
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These parameters were analyzed for spontaneous IPSCs, as well. Amplitude of sIPSCs
were also unaffected by FLX intervention (Fig. 6A,B. SAL: 55.6 ± 7.9 pA, n = 6, FLX:
50.8 ± 6.8 pA, n = 5, p = 0.52, Mann-Whitney U-test). Decay time-constant was also
unaltered (Fig. 6A,C. SAL: 7.4 ± 0.6 ms, n = 6, FLX: 5.8 ± 1.0 ms, n = 5, p = 0.18,
Mann-Whitney U-test). However, there was a significant reduction of sIPSC frequency
in pups that had been exposed in utero to FLX (Fig. 6A,D. SAL: 16.0 ± 1.1 Hz, n = 6,
FLX: 10.8 ± 1.4 pA, n = 5, p < 0.05, Mann-Whitney U-test). This suggests that there
may be some effect of FLX exposure on GABAergic, but not glutamatergic, synapse
formation.
It has been shown previously that some of the effects of in utero FLX exposure can be
blocked in a 5-HT3 knockout mouse, or with co-administration of 5-HT3 antagonists in
cultured neurons (Smit-Rigter et al., 2012). Also, unpublished anatomical experiments
have shown that there is no difference in the overall number of 5-HT3-positive
interneurons after FLX challenge, but there was a small increase in the number of
cholecystokinin-containing (CCK+) interneurons after FLX exposure. These cells are
5-HT3-positive and include basket, bistratified and trilaminar cells, which when
combined target multiple cell types in all layers of CA1, including other inhibitory
interneurons (Daw et al., 2009).
There is a possibility that an increase in CCK+ interneurons could quiet other inhibitory
neurons resulting in the reduced frequency of IPSCs seen in pyramidal cells.

36

sEPSC amplitude (pA)
1 sec

20
10
0
8
6
4
2
0
SAL

40 pA

40
20
SAL

15

5

SAL

FLX

FLX

15
10
5
0
SAL

FLX

0
1 sec

60

FLX

10

sIPSCs: FLX

80

0
SAL

sEPSC Frequency (Hz)

D

30

sIPSC Time constant (ms)

sIPSCs: SAL

20 pA

C

100

40

sIPSC Frequency (Hz)

sEPSCs: FLX

50

sIPSC amplitude (pA)

B

sEPSCs: SAL

sEPSC Time constant (ms)

A

FLX
*

20
15
10
5
0

SAL

FLX

Figure 6. Fluoxetine exposure affects inhibitory currents. A. Example sEPSCs (blue) and
sIPSCs (red) in CA1 pyramidal cells SAL and FLX treated mice. B. sEPSC and sIPSC
amplitude is unaffected by FLX exposure. C. sEPSC and sIPSC decay time constant is
unaffected by FLX exposure. D. sEPSC frequency is unaffected, while sIPSC frequency
decreases following FLX exposure.

Alternatively, if there is a developmental disturbance caused by FLX exposure that
results in improper signaling for synaptic development, the decrease could be explained
by a reduction in GABAergic synapses. To determine the actual mechanisms at work,
further experiments should be performed. These experiments should assess the dendritic
arborization of pyramidal cells and 5-HT3 expressing interneurons. Recordings made
thus far all have contained biocytin in the intracellular solution, so recovery of
morphology and analysis of dendritic complexity of the recorded cells is the next logical
step. Additional experiments recording basic properties of 5-HT3-positive interneurons
should be made to determine whether there are any changes in their physiology or
morphology. Single-cell PCR could also provide information on the percentage of cells
expressing CCK, and if a specific subgroup of CCK+ cells are changing their prevalence
in the hippocampus.
The implications for disturbances in the developing brains with exposure to FLX in
utero would affect many people, and could be potentially drastic. The number of women
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taking FLX or other serotonin-reuptake inhibitors (SSRIs) during pregnancy is on the
rise (Andrade et al., 2008), and yet very little is know about effects it may have on the
developing fetus. Recent studies may provide psychiatrists and obstetricians with more
of a dilemma when faced with prescribing a mother SSRI medication or not, and
exposing the fetus either to the unknown effects of SSRI exposure, or the known
negative effects of severe maternal depression during pregnancy (Field et al., 2006).
Nonetheless, SSRI treatment should be studied further, so that this decision, if not easy,
can at least be better informed.
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6 CONCLUDING REMARKS

6.1

Experimental constraints and future directions

T

he experimental design used throughout the studies in this thesis has, as have all
experiments, a number of constraints. An in vitro preparation not only removes the
tissue from the life-supporting supply of blood, but it also completely removes inputs
from distant brain regions and some connections from neighboring cells. Additionally,
artificial activation of the network to induce gamma oscillations cannot perfectly
recreate oscillatory activity that arises due to external input. This being said, an in vitro
preparation is ideal for pharmacological manipulation and for ease of access for
electrical and optical recording techniques such as whole-cell patch clamp. Ideally, the
experiments contained within this thesis will inspire experiments using in vivo
electrophysiological and behavioral techniques.
Since drugs are bath applied in the paradigm used for these experiments, we cannot rule
out differences that may be due to altered means of transmission in the intact brain.
Serotonergic afferents form few synapses in the cortex and hippocampus, so there is a
possibility that a majority of 5-HT transmission is via volume, or paracrine, transmission
(Beaudet & Descarries, 1976; Ogren et al., 2008). The same may not be true for
dopamine, which has been shown to be released diffusively in the subiculum, but not the
rest of the hippocampus (Agnati et al., 2010). The method of bath application of
pharmaceuticals more closely mimics volume transmission, rather than synaptic
transmission, as extra-synaptic targets are more readily bound. The best way to assess
the effects of endogenous transmission would be to stimulate release of 5-HT or
dopamine from raphe and VTA afferents, respectively.
Ideally this would be done using an optogenetic technique, but reliable release of densecore vesicles seems to be less simple than that of synaptic vesicles (Craig and Pelkey,
personal communication). Selective-serotonin reuptake inhibitor application should
theoretically allow any 5-HT that has been released to stay at the synapse longer, and
this has been shown to decrease hippocampal gamma oscillations, though the
mechanism appears to affect GABAergic, rather than serotonergic transmission
(Méndez et al., 2012). Thus, as long as these methods are inexact, in vivo methods may
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provide a means to further examine the role of aminergic transmission in the
hippocampus.
The studies presented in this thesis could be followed up with experiments
demonstrating the applicability of the results to in vivo activity. Parallel stimulation of
the VTA or median raphe and recording of LFP from the hippocampus may provide
evidence of their ecological validity. These experiments may be performed during
working memory or attention tasks, to establish any correlative relationships between
stimulation, network synchrony, and behavioral performance. In order to demonstrate
more causative relationships in this arena, specific deletions of receptors from distinct
cell types along with these in vivo experiments may deepen our understanding. Would
specific removal of D4 receptors from hippocampal PV-positive cells lead to learning
deficits or alterations in gain modulation during gamma oscillations? Would removal of
ErbB4 receptors from the PV-positive cells after development using an inducible mouse
line, have similar effects? If 5-HT1A receptors were removed from only CA3 pyramidal
cells, would the anxious behavioral phenotype persist (Ramboz et al., 1998), and would
hippocampal gamma oscillations be modulated in vivo?
Additionally, further experiments for the study of in utero fluoxetine administration, in
addition to the studies outlined in the results and discussion section, should focus on
network alterations and any long-term behavioral deficits. Any serious abnormalities
with this paradigm would clearly be of interest, as this drug is so commonly prescribed
to pregnant women.
Outside the realm of neurophysiology, all of these experiments have possible clinical
applications. Targeting drugs to the receptor tyrosine kinase ErbB4, may be able to
augment cognition without the possible side effects that may be seen with targeting the
dopaminergic system. Studying the effects of D4 antagonists as adjunctive therapy to
antipsychotic medications with a low D4 receptor binding strength may be able to
ameliorate some cognitive symptoms for some patients. Likewise, analysis of patients
on medications with 5-HT1A activity, or again as adjunctive treatment may be able to
improve cognitive function in psychosis. Finally, epidemiological studies following
children that were exposed to fluoxetine in utero and assessing them in terms of quality
of life and overall ability to learn would provide insight into any possible detrimental
long-term effects of fluoxetine on development. Overall, translation of these
experiments into clinical settings could alter prescription habits, which may then guide
further basic research.
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6.2

Conclusion

Summing up the data presented in this thesis, it is evident that neuromodulatory input
provides multiple avenues for the brain to alter network activity. On the synapse level,
D4 receptor activation may alter NMDA receptor expression, while 5-HT1A receptor
activation opens a potassium channel. In terms of output, the mechanism of D4
activation doesn’t change overall firing in the network, but instead forces FS
interneurons to fire more coherently, while the 5-HT1A effect significantly reduces the
excitatory output of CA3 in the form of reduced action potentials. At the network level
however, these differences in mechanism are not seen, and the result is an increase (with
D4 receptor activation) or decrease (with 5-HT1A activation) of hippocampal gamma
oscillations. While it is an oversimplification to say that 5-HT and dopamine have
opposite functions in the hippocampus, as they regulate far more than network
synchrony (for example LTP, Sakai & Tanaka, 1993; Kwon et al., 2008), in terms of
area CA3 gamma oscillations, this seems to be the case.
Though the individual mechanisms may not be relevant for the output of the network,
they provide potential therapeutic targets other than the receptors themselves. Indeed,
these pharmaceutical targets may be beneficial for improving cognition not just in
schizophrenic patients, but also in any disorder with cognitive decline, such as
Alzheimer’s disease, dementia, and depression.
Undoubtedly, the mechanisms the brain uses to modulate network rhythms have
developed and been refined evolutionarily to allow for humans to become better than
any other species on the planet at reacting to, learning from, and adapting to the
environment. If our knowledge of these neuromodulatory systems also evolves to treat
abnormalities in transmission, refinement of targeted drug therapy to meet individual
patients needs is a possibility.
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