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Abstract

Parvalbumin-Positive Interneurons’ Orchestration of Episodic Memory

in Health and Disease

Elizabeth Maier Balough

Our lives unfold in space and time—we are able to be aware not only of the present instant
but also to recollect the past and imagine the future, and our memories tend to be not instantaneous
snapshots but rather bear a temporal, sequential dimension. This faculty of time travel allows us
to adjust our current actions in light of what we have previously learned and with respect to what
we aspire to become. It depends upon faithful records of our personal experiences, termed episodic
memory. While over the last century we have learned a great deal about the molecular changes
that support this kind of learning, the circuit-level mechanisms with which the brain implements
the formation of episodic memory remain to be discovered. Failures of episodic memory can be
catastrophic, and unfortunately, such dysfunction is commonplace in a number of human
pathologies. In the neuropsychiatric syndrome of schizophrenia, the capacity to form and utilize
episodic memory is compromised, a state of affairs that likely contributes to the difficulty people
with schizophrenia have adjusting their actions to meet desired goals.

Attempts to understand the pathogenesis of schizophrenia’s memory deficits at the
molecular level have yielded frustratingly few leads, making circuit-level inquiries a rational next

step. Utilizing a genetic mouse model of schizophrenia susceptibility (Df(16)A+- mice), we have



taken a three-pronged approach to the analysis of the circuit mechanisms and missteps of episodic
memory. We first developed a behavioral model of episodic memory, a variation on classical
‘trace’ fear conditioning, which involves the formation of an association between an innocuous
stimulus (conditioned stimulus, CS) and a temporally separate aversive stimulus (unconditioned
stimulus, US). Next, we turned to a region of the brain known to be required for trace fear
conditioning and implicated in the pathogenesis of schizophrenia, dorsal CA1 of the hippocampus.
Because network coordination and plasticity in dorsal hippocampal CAL1 relies heavily on the
activity of soma-targeting, parvalbumin-positive interneurons (PV+ INs), we hypothesized that
they may be mediators of the associations built during trace fear conditioning. We therefore sought
to characterize their activity during temporal association learning in both wild-type (WT) and
Df(16)A+- mice using two-photon calcium imaging. We simultaneously recorded local field
potentials in the contralateral dorsal hippocampus to pair the discrete transformations captured
through imaging with information about more global states of hippocampal activity. Finally, we
manipulated the activity PV+ INs during various epochs of freely-moving trace fear conditioning
to test hypotheses regarding their necessity for trace fear conditioning in healthy and
schizophrenia-susceptible mice.

We found that Df(16)A+- mice have severe deficits in trace fear conditioning when
compared to mice that do not carry their defining mutation. Calcium imaging of PV+, peri-somatic
boutons in dorsal CA1 over the course of trace fear conditioning revealed a marked increase in the
number of detected boutons that initiate activity during the presentation of the CS and that sustain
their activity across the time gap preceding delivery of the US. This shift in activity was notably
absent in recordings from Df(16)A+.- mice. Consistent with the observations of others, analysis of

local field potentials indicated that successful learning was associated with modulation of



amplitude and theta-phase relation in mid- and fast-gamma frequency oscillations. This
modulation was compromised in Df(16)A+- mice. Finally, we found that inhibition of PV+ INs
during encoding in Df(16)A+- mice restores their response to the CS to near-WT levels of fear
expression.

Our results support the thesis that temporary downregulation of PV+ IN activity during
encoding is essential for the formation of complex, hippocampus-dependent associations including
temporal association memory. We suggest that this transient disinhibition may serve to allow for
the generation of new pyramidal cell ensembles to represent the associated stimuli. The
heightened, sustained inhibition observed during post-learning trials in the calcium imaging
experiments is consistent with a transition of the PV+ INs into a role of stabilizing the fledgling
memory trace during consolidation. Our results also support the hypothesis that in our model of
schizophrenia susceptibility, impairments in learning complex associations may be due to the
inability of PV+ INs to modulate their activity appropriately over the changing phases of memory
formation. We identify PV+ INs as a promising therapeutic target for schizophrenia as we were
able to restore behavior of the susceptible mice during our assay of temporal association memory.
Further studies combining pharmacogenetic or optogenetic manipulations with calcium imaging
and LFP recording could shed light on the mechanisms of these shifts in network plasticity and
may help to identify new approaches to the treatment of the debilitating cognitive deficits

associated with schizophrenia.
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Introduction

In the summer of 1918, Ivan Pavlov decided to take a new perspective on the anatomy of
the behaviors he had so systematically been characterizing. With the Revolution under way, he
was unable to take his usual two months’ leave to the Russian countryside, and so he decided
instead to visit a psychiatric hospital. He reasoned that “the study of clinical cases, i.c., ... the
unlimited number of pathological variations and combinations of the functions of the human
organism,” would illuminate principles of nervous functioning that could not be discerned through
the study of his healthy subjects. As Pavlov elaborated in his later lecture to the Society of
Psychiatry in St. Petersburg, he lamented that “the usual physiological method, which, as a mode
of analysis, consists in destroying parts of the brain, is very crude in comparison with the delicacy
of the mechanism to be investigated.” In contrast, the study of humans suffering from psychiatric
diseases, he reasoned, would give access to “much more obvious, permanent, and detailed
decomposition of the elements participating in the complete activity of the brain, and a separation
of its single functions in consequence of pathological causes, the effect of which sometimes
reaches a high degree of differentiation.” In other words, Pavlov believed that surgical lesion
studies could only bring us so far in our understanding of the nervous system, and in turn, behavior.
Far more informative would be the minute, naturally occurring lesions that led to neuropsychiatric
disease states. At the hospital he visited, Pavlov’s “hopes were realized... new details of the action
of the brain were brought to light, [and] new questions and problems for laboratory investigation

arose” (Pavlov, 2010).



There is certainly much to critique of Pavlov’s approach, not least of which includes
questions around the ethics of his investigations. However, there was, and remains to be, wisdom
in attending to instances of a process gone awry when trying to delineate the features of that
process going well. This is half of the approach taken here. To better understand the circuit
mechanisms of episodic memory, we turn to a state in which episodic memory is disrupted,
specifically in the syndrome of schizophrenia. But this will not be the full picture. In this
investigation, we are of course also motivated by the possibility of clarifying the circuits impaired
in schizophrenia, a devastating, chronic illness whose ramifications affect us all. We hope that the
following investigations may contribute a small bit to the monumental research effort that will be
required to better understand and treat schizophrenia, an outcome that these patients deserve.

In the following chapters, | will review the relevant knowledge already in our possession
regarding episodic memory with a focus on its temporal aspects. | will also review some of what
we know about the etiology and pathophysiology of schizophrenia. In both of these chapters, you
will notice that a particular class of interneurons, the parvalbumin-positive basket cells, make an
appearance. We will then turn to our original research into the role of these parvalbumin-positive
interneurons in the formation of episodic memory in health and in a model of schizophrenia
susceptibility. Finally, we will consider various interpretations of our findings and the work’s
limitations, which will go hand-in-hand with our consideration of what experiments might be done

in the future.



Chapter 1: Experience, Time, and Episodic Memory

“Episodic memory enables a person to remember personally experienced events as
such... Thus, the information of episodic memory could be said to concern the self’s experiences
in subjective space and time... The owner of an episodic memory system is not only capable of
remembering the temporal organization of otherwise unrelated events, but also capable of mental
time travel: Such a person can be transported at will into the personal past, as well as into the
future, a feat not possible for other kinds of memory” (Tulving, 1993).

At any given moment, we are what our past has made us. This may sound pessimistic or
even fatalistic, but | argue that it is neither. The ability to draw on our past, to reminisce and to
analyze, to be the time-travelers Tulving described, is the source of our agency in the present.
Without personal histories, we could not develop into the differentiated individuals who have and
make choices. The utility of these histories depends upon faithful records of our past experiences,
termed episodic memory. Given its importance to our identities, it is no wonder we have such a
desire to understand the inner workings of this faculty, and over the last century-and-a-half, we
have learned a great deal about the science behind it. Several types of memory have been
delineated, and these types have been mapped onto different brain regions. In turn, considerable
progress toward understanding the molecular basis of memory has been made. Yet the mechanisms
bridging the gap between molecules and our behaviorally-actionable memories remain challenge
to describe, let alone comprehend.

In the following chapter, | aim to document a sliver of what we know about the workings
of memory with a bias toward episodic memory, that is, memory for personal experiences. | will

also place emphasis on what we know about the temporal aspect of those memories. A brief



overview of the psychology and anatomy of memory will hopefully orient the reader in
anticipation of a deeper dive into the topics of particular interest. We will then move on to a more
detailed look at the neural correlates of episodic memory with a focus on the circuitry of the
hippocampus and the computations it can perform. Zooming out, we will attempt to draw a crude
outline of the mesoscale correlates of episodic memory, the oscillations that are thought to
facilitate encoding and consolidation. Finally, we will examine a type of learning we have used as
a model for episodic memory in mice, trace fear conditioning, and the strengths and limitations of

that model.

1.1 The Anatomy of Memory

One summer day a seven-year old boy named Henry stepped off the sidewalk to cross the
street. This set in motion a sequence of events that would gradually change everything for him. A
bicyclist speeding down the road struck him, and thrown to the ground, his brain ricocheted against
one side of his skull and then the other (Dittrich, 2017). After this accident, Henry slowly
developed severe epilepsy. By young adulthood, his seizures were so intractable and so impairing
that he underwent an experimental surgery, a bilateral hippocampectomy that included resection
of some parahippocampal structures and also part of the amygdala. Not long after, it became clear
that the cure for his epilepsy came at a terrible cost: he was no longer able to form memories of
his personal experiences. From that time forward for Henry, who became known in the medical
literature as Patient H.M., “Every day [was] alone in itself, whatever enjoyment I’ve had, and
whatever sorrow I’ve had” (Milner et al., 1968).

Patient H.M.’s tragic loss did enable him to help us make important strides in

understanding the brain’s strategies for recording memories. The first advance that he helped usher
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in was the realization that the brain handles different kinds of memory separately. His relatively
circumscribed anterograde amnesia was for the kinds of memory we would call declarative, that
is, memories for information that can be described with words. He had no problem learning what
would be called procedural memories—how to ride a bike, how to draw a star (Squire, 2009) —
and his working memory was intact. These psychological distinctions have helped focus our study
of memory and have directed us toward more fruitful questions.

Patient H.M.’s case also helped localize a region of the brain important for the formation
of declarative memory, namely the hippocampus. This structure became the subject of intense
research efforts, and studies in both humans and other mammals subsequently delineated several
distinctive roles for it in declarative memory. Though there are many disagreements in the field
over the precise function of the hippocampus, it is generally agreed that it processes and encodes
spatial, temporal, and contextual information (Eichenbaum, 2013; O’keefe & Nadel, 1979). In
what follows, I will describe this structure in more detail and describe the ways in which its internal

anatomy might implement the processing of the information it stores.

1.1.1 Circuitry of the Hippocampus

As its name implies, the hippocampus is a seahorse-shaped structure of the medial temporal
lobe. At the macroscopic level, it consists of the three areas of Ammon’s horn (i.e., the Cornu
Ammonis, or CA) as well as the dentate gyrus (DG), and these major components are connected
in a trisynaptic loop (Figure 1.1). In broad strokes, processed sensory information from the medial
and lateral entorhinal cortices (EC) arrives via the performant path to the DG where EC axons
synapse on granule cells. These cells then send efferents to area CA3 pyramidal cells (PCs), which

are also receiving direct input from the EC and have extensive recurrent excitatory connections.



The PCs of CA3 project via their Schaffer collaterals to the proximal dendrites of the CA1 PCs,
which also receive input to their distal dendrites from layer 111 of the entorhinal cortices through
the temporoammonic pathway. CA1 is the primary output node of the hippocampus, and it projects
to many areas of the brain including the deep layers of the entorhinal cortices, the prefrontal cortex,
and an array of subcortical structures. It is important to note that each region of the hippocampus
also receives input from neuromodulatory structures including the medial septum, which sends
cholinergic fibers, and the ventral tegmental area and locus coeruleus, which signal with the
monoamines dopamine and norepinephrine (Klausberger & Somogyi, 2008; Jeffrey Donald
Zaremba, 2017).

Within each of the hippocampal components, there exist highly specialized microcircuits,
the fundamental units of computation in the brain (Figure 1.2A). These microcircuits consist not
only of the excitatory, glutamate-releasing pyramidal cells, but also of inhibitory, GABAergic
interneurons. Though they only account for a small minority of the cells of the cortex and
hippocampus, they represent a majority of the brain’s cellular diversity (Klausberger & Somogyi,
2008). In CA1, more than 20 types of interneurons have been delineated along genetic,
physiologic, and anatomical lines, and these cells exert tight control over the firing of the PCs,
shaping their activity, the timing of their firing, and their ability to form new connections with
other cells. For our purposes, we will focus on the microcircuit organization of CA1 and on

interneurons that are identified by their expression of the protein parvalbumin.
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Figure 1.1. Hippocampal circuit anatomy. A. Simplified schematic of hippocampal excitatory
connectivity to and within the hippocampus. EC, entorhinal cortex; MPP, medial performant path
projecting from EC II; LPP, lateral performant path projecting from EC Ill. B. Summary of
interactions between the hippocampus and the entorhinal cortex. Solid arrows highlight the
classical trisynaptic pathway (EC Il - DG granule cells > CA3 PCs - CA1 PCs - EC). Dashed
arrows depict important connections not included in the trisynaptic pathway including
bidirectional communication between the DG and granule cells and mossy cells, inhibitory
interneurons and the DG granule cells, the recurrent excitatory connectivity among CA3 PCs,
direct connectivity between EC Il and CA3, and direct connectivity between EC 111 and the CAl
PCs. Not depicted are the diverse interneurons within all regions of the hippocampus that receive
both local and distal input and provide feedforward and feedback inhibition to the principal cells
and to each other. DG, dentate gyrus; PC, pyramidal (or principal) cell. (Source: Deng et al., 2010)



1.1.2 CA1 Microcircuitry

As noted above, the PCs of CA1 receive input from both the Schaffer collaterals of CA3
at their basal and proximal dendrites as well as directly from the entorhinal cortex at their distal
dendrites, and this dual excitatory input has led to the suggestion that CA1 may function primarily
as a comparator (Milstein et al., 2015; Vinogradova, 2001). While the hypothesis may be true, this
formulation of it belies the complexity of the PCs’ integration of the incoming signals, which
depends on synaptic facilitation and depression, the cable properties of the dendrites, the distance
of the excitatory input from the soma, the history of the PCs firing, the balance of excitation and
inhibition, and many other factors (Milstein et al., 2015). We will focus on the role of inhibition
in determining the output of CA1 PCs.

The computational capacity of CA1 is vastly increased by its diverse interneuron
population. These cells ensure that the activity of the PCs is coordinated from the level of
individual synapses and all the way up to the level of the oscillations associated with more global
brain states. For example, somatostatin-expressing interneurons that target the distal dendrites of
PCs appear to filter information arriving from the EC that might be too salient, such as aversive
air puffs to the snout in mice (Lovett-Barron et al., 2014). Interneurons expressing neuropeptide
Y (NPY) and targeting the apical dendrites receive input from both CA3 and EC layer 11l and
appear to predict the subsequent excitation of PCs and minimize the complex spikes elicited
(Milstein et al., 2015). These are examples of feedforward inhibition, an elementary circuit motif
that can facilitate the filtering of background artifacts, enhance the temporal tuning of PC output
(Pouille & Scanziani, 2001), and influence the probability of the potentiation of excitatory

synapses (Bissiére et al., 2003) among other functions (Figure 1.2).



In addition to feedforward inhibition, CA1 PCs are influenced by feedback circuitry. In
feedback inhibition, the incoming signal first activates the PC, which in turn sends an axon
collateral to an inhibitory interneuron. This interneuron then inhibits the PC that initially activated
it, and it may also inhibit a number of neighboring PCs (Kullmann, 2011). Thus, while feedforward
inhibition may prevent the discharge of a PC altogether, the discharge of the PC is a actually a
prerequisite for feedback inhibition (Figure 1.2A). As with feedforward circuits, a heterogenous
population of interneurons receive input from the local PCs. These include cholecystokinin-
positive (CCK+) basket cells and fast-spiking parvalbumin-positive (PV+) basket cells, both of
which exert their inhibitory influence at the peri-somatic region of PCs, as well as axo-axonic cells,
which synapse at the PC axon initial segment.

A third elementary circuit motif found in CA1 can be described as disinhibition. Here an
interneuron is excited in a feedforward fashion, but instead of inhibiting a PC, it inhibits another
inhibitory interneuron (Figure 1.2A), functioning in a permissive fashion to allow the activity of
PCs. An example of disinhibition comes from interneurons that express vasoactive intestinal
peptide (VIP). These VIP+ interneurons contact PV+ basket cells, and when they are activated by
neuromodulatory (often cholinergic) input, they quiet the peri-somatic PV+ cells, opening the
gateway for the discharge of PCs (Wester & McBain, 2014). These three elementary motifs
become more complex as more PCs enter the picture and as afferent inputs multiply. The average
PC has tens of thousands of excitatory inputs and thousands of inhibitory inputs (Megias et al.,
2001) exerting influence upon the millimeters of dendritic arbors and, in the case of inhibition,
upon the soma of the PC. The calculations the PC must make rely on an awe-inspiring number of
variables. However, it is important to appreciate that the simple circuit arrangements are the

bedrock of the elaborate computations of CA1.
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Figure 1.2. Fundamental microcircuits and computations. A. Inhibitory circuit motifs found in
the cortex and hippocampus. Red spheres represent excitatory principal cells (pyramidal neurons,
PCs) while blue spheres represent inhibitory interneurons (INs). In feedback inhibition, the excited
PC sends an axon collateral to a local IN, which in turn suppresses further activity of the PN. In
feedforward inhibition, the same source of excitation of the PC also directly contacts the local IN,
which then sends an inhibitory signal to the PC. Note that for feedback inhibition, transmitters
must be released at three synapses before inhibition can occur while in feedforward inhibition,
only two steps are required. B. The roles of each elementary local circuit in computations
influencing learning, memory, and behavior. Of particular relevance is the Rhythm Generation
computation, which involves timely feedback inhibition, feedforward inhibition, and disinhibition.
(Source: Grosmark and Losonczy after Braganza & Beck, 2018).
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1.2 Parvalbumin-Positive Interneurons of Cortical and Hippocampal Circuits

As noted above, the heterogeneity of inhibitory interneurons is overwhelming. One subtype
of interneuron that merits further attention due to its involvement in cognitive rhythms and its
implication in human pathologies that entail deficits in episodic memory is the fast-spiking, soma-
targeting parvalbumin-positive basket cell (PV+ IN)1. In CAL, the soma and axons of these cells
are generally localized to the pyramidal cell layer. Their dendrites branch extensively and sample
inputs from a range of input layers as well as an extensive number of local PCs—a single PV+ IN
can be the target of as many as 34,000 synapses (Hu et al., 2014). This capacity to integrate many
inputs is facilitated by the weak excitability of their dendrites, which require the coincident
activation of many inputs to reach the action potential threshold. In contrast, their axons are
extremely excitable, allowing for the fast and faithful propagation of signal once the high bar the
dendrites impose is met. These axons have many collaterals and deliver both feedback and
feedforward inhibition to large populations of PCs using mostly en passant synapses that allow for

fast, coordinated release of GABA (Hu et al., 2014).

Table 1. Properties of fast-spiking PV* basket cells that underlie their computational
capacities. (Adapted from Hu et al., 2014)

Property Functional Consequences Molecular Mechanism

Fast EPSCs Fast EPSPs, tight coincidence GIuAl and GluA4 AMPA
detection receptor subunits

Fast IPSCs High-frequency network GABRAL GABAA receptor
oscillations subunits

Dendritic K+ channels with Sublinear input summation Kv3
high activation threshold and  and responsiveness to
fast deactivation distributed inputs

1 Note that the parvalbumin-expressing basket cells that I refer to with the abbreviation PV+ INs are not the only
inhibitory interneurons to express parvalbumin. Axon-initial segment-targeting chandelier cells, bistratified cells,
and some OLM cells express this protein as well.
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Perisomatic K+ channels Short action potentials and Kv3
with high activation threshold fast-spiking

and fast deactivation

D-type K+ channels in axon ~ Coincidence detection Kvl

initial segment

High Na+ channel density in
the axon

Fast propagation of action
potential and tolerance of
axonal branching

NaV1.1, NaV1.6

Fast presynaptic Ca2+
channels

Fast, temporally precise
GABA release

CaV2.1, P/Q type Ca2+
channel

Tight coupling between
presynaptic Ca2+ channels
and sensors of exocytosis

Fast, temporally precise
synaptic transmission

Unknown

Fast sensors of exocytosis

Fast, temporally precise
synaptic transmission

Synaptotagmin 2

These structural and functional characteristics allow PV+ INs to facilitate several network
operations. First, they implement a ‘winner-takes-all’ style of competition among the PCs of CA1.
In terms of connectivity, PCs with the strongest excitatory input activate local PV+ INs who in turn
exert inhibition over the majority of the weakly stimulated PC population. The fast-signaling
properties of the PV+ INs enhance this competition because the excitation is rapidly translated into
inhibition while the more tepid PCs are still responding to the inciting stimulus (Hu et al., 2014).
Through a feedforward mechanism, PV+ INs enforce a time limit on Hebbian plasticity and
coincidence detection in CAl (Pouille & Scanziani, 2001). PV+ INs are also involved in the
modulation of both gamma oscillations and sharp-wave ripples (see below, section 1.3 on Network
Oscillations). For example, rhythmic optogenetic activation of PV+ INs in barrel cortex was found

to be sufficient to generate gamma-frequency oscillations, and their inhibition led to a decrease in

power of gamma (Cardin et al., 2009).
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In the developing nervous system, PV+ INs are important regulators of the opening and
closing of critical period plasticity. The most striking and well-studied example of critical period
plasticity is that of the visual cortex. Monocular deprivation during early postnatal life leads to
permanent loss of visual acuity in the covered eye whereas the same deprivation later in life has
no permanent effects. Several lines of evidence implicate PV+ INs in this critical period. PV+ INs
develop during the late postnatal period in close correlation with the timing of plasticity opening,
and BDNF accelerates both PV+ IN development and the opening of the critical period. Further,
ocular deprivation impedes both the development of PV+ INs and the onset of plasticity.
Benzodiazepines, which accelerate the onset of the critical period, act upon the GABA-A receptor
alpha-1 subunit, which is expressed at the peri-somatic synapses of PV+ INs onto PCs. Finally,
PV+ INs develop a specialized extracellular matrix known as perineuronal nets, and their removal
during adulthood is known to reactivate critical period plasticity levels (Hensch, 2005). For our
purposes, there are two key facets of the critical periods potentially gated by PV+ INs to emphasize:
first, the plasticity is not genetically programmed, but rather experience-dependent; and second,
critical periods are marked by competition among connections for persistence.

PV+ INs may have a similar, though much less extensive, role in the gating of experience-
dependent plasticity in the adult brain as well. Donato et al. proposed that adult experience could
also have an impact on the differentiation state of PV+ INs and thereby on network plasticity
(Donato et al., 2013). In their model, which is built around data from area CA3 of the hippocampus,
certain behavioral events (e.g., environmental enrichment or spatial learning) shift PV+ INs toward
a low-differentiation state and enhances structural synaptic plasticity. In contrast, other kinds of
experience, including fear conditioning, shift a significant portion of PV+ INs toward a high-

differentiation state, effectively reducing opportunities for plasticity in the network. They
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demonstrated through pharmacogenetic techniques that increased inhibitory input to PV+ INs is
sufficient to shift the network toward the low-differentiation state, whereas increased excitation of

PV+ INs induced the opposite state (Figure 1.3).
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Figure 1.3. Schematic of the PV+ IN Differentiation State Model of Adult Learning. A. The
low-differentiation state of PV+ INs (‘Low PV’). The incoming excitatory inputs (blue triangles)
to the PV+ IN are outnumbered by the incoming inhibitory inputs (red triangles). The relative
output of the PV+ INs in this low-PV state is minimized (pink triangle), leading to disinhibition of
the hippocampal excitatory neuron (the PCs) and enhanced learning. In this state, structural
synaptic plasticity is enhanced. B. The high-differentiation state of PV+ INs (‘High-PV”). Here the
number of excitatory inputs to the PV+ IN exceeds the number of inhibitory inputs, leading to
relatively high inhibition (red triangle) of the PCs, reduced synaptic plasticity, and diminished
learning. (Source: Allen & Monyer, 2013)

Other studies of the role of PV+ INs in learning and memory can be divided into those that
address aspects of encoding and those that address aspects related to consolidation. Some argue

that disinhibition of PCs is required during encoding to allow the generation of new ensembles.
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For example, recordings from auditory cortex demonstrate that PV+ INs have a baseline tonic firing
rate that is dynamically modulated by experience. Specifically, during auditory fear conditioning,
layer 2/3 PV+ INs were themselves inhibited by layer 1 interneurons during and for a period after
delivery of the foot shock. This led to disinhibition of the PC network, which was necessary for
associative learning with complex auditory stimuli (Letzkus, 2011). On the other hand, there is
also evidence that the activity of PV+ INs may increase during encoding. Recordings in the visual
cortex (Agetsuma et al., 2018) and amygdala (Morrison et al., 2016) reveal an increase in activity
of PV+ INs during sensory processing and associative learning, respectively. The authors of these
studies argue that PV+ IN activity was required to decorrelate and constrain the size of ensembles
during encoding. It is important to recognize that the tasks each of these studies differed, and that
encoding under non-stressful conditions (e.g., in processing of innocuous visual stimuli) may

recruit very different mechanisms from the aversive stimuli of fear conditioning.

1.3 Network Oscillations

Taking a step back from the computations of individual PCs and interneurons, an important
feature of hippocampal and cortical networks is their ability to synchronize their activity at the
mesoscopic scale. The electrical potentials that results from the coordinated activity of PCs can be
measured using extracranial electrodes on the scalp (electroencephalography, EEG) or with
strategically placed intracranial electrodes (local field potential recordings, LFP) and may be
instrumental in the hippocampus’ capacity for recording episodic memories (O’Keefe & Recce,
1993). These potentials fluctuate with the brain’s activity, and the that oscillations result occupy a

wide range of frequencies and can represent specific brain and behavioral states.
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While an animal is actively attending to the environment and engaging in exploratory
behaviors including ambulation, the predominant rhythm in the hippocampus is a 6-10 Hz
oscillation referred to as the ‘theta’ rhythm (Figure 1.4, upper left). In contrast, during what are
considered to be consummatory behaviors such as eating, drinking, and resting, the main
oscillatory events in the hippocampus are large, negative deflections originating in the recurrent
CA3 network and measured in the CA1 stratum radiatum. These deflections are referred to as
‘sharp waves,” and they are frequently followed by fast, 110-200 Hz oscillations called ‘ripples’
(Buzséki, 2015) (Figure 1.4, right). Together these complexes are referred to as ‘sharp wave
ripples’ (SWRs), and they are thought to be a marker of ‘replay,’ or the reactivation of hippocampal
ensembles that may be involved in the transfer of information from the hippocampus to the cortex
during memory consolidation. Some speculate that SWRs may indeed be the hallmark of episodic

memory and reminiscence (Buzsaki, 2015).
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Figure 1.4. Examples of gamma and theta oscillations and sharp-wave ripples (SWRs). Top
left, gamma-frequency oscillations (30-180 Hz) are subdivided into slow, mid, and fast gamma,
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which have unique relationships to the phase of theta. Bottom left, heat map illustrating power of
gamma-oscillations (color) at different frequencies (y-axis) and their relationship to theta (x-axis).
Top right, example LFP recording of a SWR event. Note the large deflection (sharp-wave)
followed by a high-frequency oscillation in the stratum pyramidale (SP). Bottom right, heat map
illustrating the overlap between the peak phase of theta and the ripple event. SO, stratum oriens;
SP, stratum pyramidale; SR, stratum radiatum. (Source: Dr. Satoshi Terada).

A third rhythm observed in the hippocampus, ‘gamma,’ occupies the 30-180 Hz frequency
range (Figures 1.4, 1.5). Gamma rhythms emerge during active states and are significantly
modulated by the hippocampal theta rhythm (Sirota et al., 2008). Spanning such a wide range of
frequencies, gamma oscillations are often broken down into slow gamma (30-50 Hz), mid gamma
(50-90 Hz), and fast gamma (90-180 Hz). Slow gamma oscillations in CA1 are notably recorded
in the stratum radiatum where the Schaffer collaterals from CA3 contact CA1 PCs, whereas mid-
and fast gamma oscillations are recorded in the stratum lacunosum moleculare where the inputs
from entorhinal cortex arrive (Figure 1.5). However, excitation of the CA1l PCs is not itself
sufficient to generate gamma oscillations—rather, there must also be neuromodulatory activation
of the network likely by acetylcholine (Fries, 2009). Importantly for our purposes, they are also
dependent on peri-somatic inhibition of CA1 PCs. Sometimes referred to as the ‘cognitive rhythm,’
the presence of gamma oscillations correlates with successful performance of cognitively
demanding tasks and may imply the ongoing interaction between excitatory and inhibitory inputs
supporting the active operation of local circuits (Buzsaki & Wang, 2012). These oscillations have
also been hypothesized to support the communication between the hippocampus and cortex in

service of binding sensory representations into coherent memories (Griffiths et al., 2019; Sirota et

al., 2008).
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Figure 1.5. Sources of slow and fast gamma oscillations are temporally and anatomically
segregated in CAL. Current source density (CSD) analysis, in which the difference of nearby LFP
signals is taken to reveal the underlying spatiotemporal distribution of oscillatory extracellular
current sources and sinks, reveals a striking segregation of gamma input to CA1. Sources of slow
frequency gamma are strongest in the SR, coextensive with CA3 input to CA1, and occur during
the descending phase of local CA1 theta. Conversely, fast gamma (also referred to as ‘mid-
frequency’ gamma by many authors including Schomburg et al.) predominates in the SLM, where
the EC layer 3 inputs to CA1 terminate, and occur primarily at the ascending phase and peak of
local CA1 theta. The computational function of the spatiotemporal segregation of these two
oscillations remains an active area of research (Source: Modified with permission from
Schomburg et al., 2014).

In this chapter, we have reviewed some of the neurobiology of episodic memory, focusing
on the hippocampus and particularly on the hippocampal region CA1l. We have reviewed the
microcircuit computations that may enable the processing of information into memory. We have
highlighted the role of PV+ INs in episodic memory and in experience-dependent network
plasticity more generally. The discussion has been rounded off with a summary of the meso-level
phenomenon of network oscillations as markers of different memory processes. In the following
chapters, we will build on these topics as we move on to investigate the activity of PV+ INs in

episodic memory formation in health and disease.
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Chapter 2: Schizophrenia

“i could not remember having done anything, it was like i had ‘lost time’;... again i felt
the day had passed without my existing in it.”

Esmé Weijun Wang
from The Collected Schizophrenias

Whether or not we are aware of it, schizophrenia affects all of us. In the most direct sense,
the prevalence of schizophrenia is estimated at around 1%, meaning that at any given time, about
one in 100 people in the world carry the diagnosis (Buchanan, 2019). Schizophrenia is a
catastrophic illness in many ways. It is associated with a precipitous decline in social and
occupational functioning and is included in the World Health Organization’s (WHO) list of the 10
illnesses with the highest rates of mortality and disability, emphasizing the impact of the disorder
on the lives of patients (Murray et al., 1996). While the people living with schizophrenia and their
families carry the lion’s share of its burden, the ill effects of the disorder resonate throughout
society. Though trying to quantify these effects may not do justice to the experience of those that
feel schizophrenia’s ramifications most personally, it is worth noting that when the direct costs of
treatment and the indirect costs of lost productivity are combined, the annual economic burden of
schizophrenia in the United States alone is estimated in the tens of billions of dollars (Wu et al.,
2005). Up to 15% of people diagnosed with schizophrenia will experience homelessness at some
point in their lives (Folsom et al., 2005; Rosenheck et al., 1994), and 5-10% of people who receive
the diagnosis will eventually commit suicide (Miles, 1977; Palmer et al., 2005; Virkkunen, 1974).

These numbers reflect how much we as a society have neglected this population, how little
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progress we have made toward understanding the science of this illness, and how rudimentary the
treatment options currently are.

In the following chapter, 1 will review the key signs and symptoms that amount to a
diagnosis of schizophrenia with an emphasis on the associated cognitive deficits. | will review
what is known about the etiology of the illness and summarize three influential theories of its
pathophysiology, the dopamine hypothesis, the glutamate hypothesis, and the GABAergic
interneuron hypothesis. | will discuss the strengths and weaknesses of each of these theories along
with the ways in which they are compatible with one another. Finally, I will discuss the model of
schizophrenia susceptibility we chose to use in our studies, a mouse model of the 22q11.2 deletion
syndrome, which in humans entails up to a 33-fold increase in the likelihood of developing
schizophrenia over the lifetime. I will conclude by enumerating the specific questions we hoped

to address with our experiments in this mouse model.

2.1 The Diagnosis of Schizophrenia

Schizophrenia is a syndrome. It is defined by its symptoms, each of which is neither
necessary nor sufficient for the diagnosis, and none of which is unique to schizophrenia. As such,
it is important to recognize that what we call ‘schizophrenia’ is likely not one single disease. This
has important implications for our ability to conduct research into its causes and potential
treatments. While the collection of diseases that make up the entity of schizophrenia may share
many features, it is difficult to home in on the pathological processes leading to a disease when
the disease you are studying is actually a multitude of diseases each with a slightly different cause.

The syndrome of schizophrenia has four core symptom domains: positive symptoms,

which include hallucinations, delusions, and disorganization of thought or speech; negative
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symptoms, which include apathy, fatigue, and flat affect; cognitive symptoms, including deficits
in working memory, episodic memory, processing speed, attention, and executive functioning; and
mood and anxiety symptoms including depression and generalized anxiety (Andreasen, 1995). In
spite of the breadth of its symptoms, schizophrenia has for many decades been characterized as a
psychotic disorder. Psychosis refers to a state in which the ability to discriminate between what is
real and what is not real becomes compromised. As a natural phenomenon that presents itself in
predictable ways, psychosis is a syndrome with many possible causes that is characterized by
delusions, hallucinations, disorganization of thought and speech, and agitation. Yet while these
positive symptoms wax and wane, the cognitive impairments are constant, leading some experts
to argue that instead focusing on psychosis, we should direct our attention toward cognition (Kahn

& Keefe, 2013; Tamminga et al., 1998).

2.2 Cognitive Deficits in Schizophrenia

Cognitive deficits represent one of the four core symptom clusters in schizophrenia. The
importance of this fact was appreciated by one of the most influential psychiatrists in the early
years of the recognition that schizophrenia is a disorder of the brain, not of the soul. This
psychiatrist, Emil Kraeplin, actually named schizophrenia ‘dementia praecox,” or ‘early
dementia’—for him, cognitive decline was the most important characteristic of the syndrome
(Falkai et al., 2015). He noted that cognitive issues emerged in these patients during adolescence
and before any episodes of psychosis, and he realized that this intellectual impairment persisted
over the course of the illness. While the more dramatic and more treatable positive symptoms have
taken center stage in this illness for the century intervening between Kraeplin’s time and our own,

it is increasingly being recognized that schizophrenia is a cognitive illness (Kahn & Keefe, 2013).
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Indeed, today the strongest correlate of long-term functional outcome for patients with
schizophrenia is the severity of cognitive impairment, and yet the treatments we currently have for
schizophrenia do very little to address those impairments (Green, 1996).

The cognitive domains affected in schizophrenia include attention, problem solving, and
memory with verbal memory considered to be one of two “neurocognitive rate-limiting factors”
for the functional outcome of patients with schizophrenia (Green, 1996). While the theories about
the biological basis of the cognitive deficits seen in schizophrenia remain speculative, some clues
have started to emerge. First, cognitive symptoms precede positive or negative symptom onset by
up to several years, arguing that these deficits are not secondary to other symptoms. More support
for this conclusion comes from the observation that cognitive deficits seem to persist regardless of
the course of positive, negative, and mood symptoms (Tamminga et al., 1998). Schizophrenia’s
cognitive impairments are unlikely to be accounted for solely by environmental factors. One study
examining the heritability of cognitive endophenotypes of the illness argued for a strong genetic
contribution. Following pairs of monozygotic and dizygotic twins who were either concordant or
discordant for schizophrenia, the authors estimated that for working memory and general
intelligence, more than 90% of the covariance between deficit and disorder could be accounted for

by genetic factors (Toulopoulou et al., 2007).

2.3 Etiology of Schizophrenia

2.3.1 Schizophrenia Genetics
Although the pursuit of a gene that causes schizophrenia may seem foolhardy given the
heterogeneity of the syndrome, this does not mean that the pursuit of such a gene has been fruitless.

Schizophrenia has a heritability of 0.7-0.85, meaning that 70-85% of the phenotypic variability
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within the populations studied with respect to the development of schizophrenia could be explained
by genetic factors (heritability = H2 = Vgenotype/Vphenotype) (Tsuang et al., 2001). This heritability
measure is well illustrated by studies of twins affected by schizophrenia: monozygotic twins, who
share 100% of their genes, have a concordance rate of only 40-50% (Onstad et al., 1991). Thus,
the inheritance of schizophrenia is complex and non-Mendelian. The rest of the variability that
cannot be explained by genetics alone can presumably be attributed to environmental factors or
the interaction between genetic and environmental factors. Nevertheless, the discovery of genetic
variants associated with schizophrenia has been important because they have shed light on the
disease’s pathophysiology.

Genome-wide association studies including more than 35,000 patients identified several
single nucleotide polymorphisms (SNPs) that were positively correlated with schizophrenia (Ripke
etal., 2014). Many of the genes involved are known to have roles in the regulation of dopaminergic
or glutamatergic neurotransmission, and several of the identified loci were in genes involved in
immune system regulation. Another genome-wide association study including 41,321 subjects
found that copy number variants (CNVSs) are also more common in patients with schizophrenia
relative to healthy controls (Marshall et al., 2017). The most common CNV that predisposes to
schizophrenia is the 22911.2 deletion (see section 2.5). Other genes implicated in schizophrenia
encode proteins important for GABAergic neurotransmission (e.g., GABRB2), neuronal migration
and differentiation in the developing brain (e.g., DISC1, NRG1), and stability of axons and

dendrites (e.g., DTNBP1).
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2.3.2 Environmental Factors

For many decades it has been acknowledged that genes alone cannot account for the
emergence of schizophrenia—some environmental provocation of those genes must occur.
Precisely what these environmental stressors are and when they occur are questions that have been
more contentious.

One set of environmental variables associated with increased risk of developing
schizophrenia occur during the pre- and peri-natal periods. Maternal infection and immune
activation during pregnancy is a well-documented risk factor and has also served as the basis of
animal models of schizophrenia susceptibility (Dickerson et al., 2010). A surge in the rate of
schizophrenia incidence in the decades following the Chinese famine of 1959-1961 led to the
hypothesis that maternal malnutrition during pregnancy elevates risk (St Clair et al., 2005).
Obstetric complications (e.g., forceps delivery, emergency C-section, cord compression) have also
been identified as risk factors along with low birth weight (Cannon et al., 2002). The validity of
the research into these environmental factors has been called into question because many studies
have relied upon maternal recall decades after pregnancy and childbirth, though newer prospective
cohort studies have bolstered the evidence (Cannon et al., 2002). There are also concerns about
the specificity of these risk factors with some critics noting that perturbations of early brain
development can lead to a host of neuropsychiatric outcomes (Verdoux & Sutter, 2002).

Other risk factors seem to operate during early and later childhood. Immigration status has
consistently been identified as a factor with people growing up in a non-native country having a
higher risk of developing schizophrenia than those reared in their native country (Weiser et al.,
2008). Another common risk factor is growing in an urban environment, though some have

questioned whether the increased incidence in cities is not more directly attributable to the
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increased susceptibility of urban mothers to infection during pregnancy (Krabbendam & Van Os,
2005).

Risk factors operating more proximally to the illness’ onset include the broad categories of
adverse life events and substance abuse. Several studies have offered evidence that stressful life
events, in particular social stressors, occurring over the course of months to years predict the onset
of schizophrenia’s psychotic symptoms, both for first-episode patients and those experiencing a
relapse (Bebbington et al., 1993; Hirsch et al., 1996). However, the direction of causality between
stress and psychosis has been called into question, especially given the retrospective design of
these studies (McDonald & Murray, 2000). Robust studies have also shown that abuse of cannabis
or stimulants may increase the risk of developing schizophrenia (Lieberman et al., 1987; Mathers
& Ghodse, 1992). Yet, again, the directionality of causation must be questioned insofar as those
with other traits predisposing to schizophrenia (e.g., those under high stress or with severe anxiety)

may be more likely to seek out these drugs in the first place (McDonald & Murray, 2000).

2.3.3. Anatomical and Functional Correlates

What is different between a healthy brain and a brain affected by schizophrenia? When do
these differences become apparent, how do they evolve, and what do they imply about the disease
process? Anatomically, there are differences in the volume of several structures including the
ventricles, the hippocampal formation, the cerebellum, the insular cortex, and the prefrontal cortex
(PFC) (Cannon et al., 2015; Nelson et al., 1998). Of these, the most consistent difference between
the brains of patients and healthy controls is decreased hippocampal volume, particularly in CAl
and the subiculum (Csernansky et al., 1998; Kiihn et al., 2012; Lieberman et al., 2018; Schobel et

al., 2009; Steen et al., 2006). The loss of hippocampal volume appears to precede the onset of
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psychotic symptoms and to correlate with verbal memory dysfunction (Hasan et al., 2014).
Differences in white matter have also been identified through diffusion tensor imaging studies and
indicate a degree of dysconnectivity between the hippocampal formation, frontal lobes, and insula
(Ellison-Wright & Bullmore, 2009). Functional studies commonly find hyperactivity of the
hippocampus (Lieberman et al., 2018).

Also in the functional realm is the finding that certain kinds of network oscillations are
disrupted in schizophrenia, particularly oscillations in the gamma range, which have decreased
power in schizophrenia. Convergingly, some have observed that schizophrenia’s cognitive deficits
have in common a dependence on “precisely timed transmission of information in cortical regions
via synchronous oscillations at gamma band frequency” (Gonzalez-Burgos et al., 2015). Further,
gamma-frequency oscillations are critically dependent on parvalbumin-positive interneurons (PV+
INs) in the hippocampus and are largely a measure of inhibitory currents. PV+ INs mediate the
fluctuations in power and coherence of gamma oscillations associated with cognitive operations
through feedback and lateral inhibition at the soma of pyramidal neurons (Figure 2.1). Several
studies have shown that correction of behavioral abnormalities in schizophrenia model mice have
been accompanied by correction of the power of gamma frequency oscillations (Cho et al., 2015;
Marissal et al., 2018). In these studies, behavioral modification was achieved through manipulation
of PV+ INs, supporting our hypothesis that diminished ability of PV+ INs to modulate their activity
based on behavioral state is a significant contributor to the cognitive deficits seen in schizophrenia.

In what follows, we will attempt to address this hypothesis more directly.
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Figure 2.1. Proposed mechanisms of decrement in gamma oscillation power in schizophrenia.
A. Normal circuit architecture. Increased inhibitory output of PV+ INs (black circle) to PCs (red
triangles) leads to coordinated IPSPs in the PC network that organize the excitatory output, leading
to simultaneous discharge and increased power of gamma oscillations. B. Decreased inhibitory
output of the PV+ IN weakens the IPSPs in the PCs, leading to lower probability of simultaneous
firing and diminution of the gamma power. C. Decreased excitatory input to the dendrites of the
PCs (but normal inhibitory input) leads to coordinated IPSPs in the PCs. However, lacking
sufficient stimulation to fire within the temporal window imposed by the IPSPs, the discharge of
the PCs remains uncoordinated. (Source: Gonzalez-Burgos et al., 2015)

27



2.4 Pathophysiology of Schizophrenia

2.4.1. The Dopamine Hypothesis

The dopamine hypothesis of schizophrenia was initially formulated to explain the
observation that amphetamines and other stimulant drugs, which elevate the concentration of
catecholamines including dopamine in the synaptic cleft, can cause psychosis (Snyder etal., 1974).
Thus, the first iteration of this hypothesis attributes the symptoms of schizophrenia to a
hyperdopaminergic state. This theory was strengthened by the finding that patients with
schizophrenia experience psychosis upon administration of much smaller doses of stimulants than
is required to produce these effects in healthy subjects, suggesting that schizophrenia may be
characterized by enhanced sensitivity to dopamine (Lieberman et al., 1987). Further, postmortem
studies consistently (though not unequivocally) found elevated dopamine in the striatum and
elevated dopamine metabolites in the CSF (Simpson et al., 2010).

The other compelling argument for dopamine’s involvement in the pathogenesis of
schizophrenia has been that, to date, all antipsychotic medications have an affinity for the
dopamine D2 receptor (D2R) at which they act as antagonists (Kapur et al., 2006; Kapur & Mamo,
2003). Further, post-mortem tissue studies in patients with schizophrenia have consistently
revealed increased D2R expression in the striatum (Kessler et al., 2009). It is not immediately
obvious why these pieces of evidence should argue in favor of a hyperdopaminergic state. Most
D2Rs are expressed pre-synaptically on dopaminergic neurons and serve to regulate synthesis and
release of dopamine. When dopamine binds a pre-synaptic D2R, a negative feedback loop is set
into motion to limit further dopamine release. One might reason that having either an excess

number of D2Rs or an excess of dopamine would potentiate this feedback loop and diminish
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dopaminergic tone. However, this would be an underestimation of the potential complexity of the
dopamine system. Whereas dopamine D1 receptors (D1Rs) are encoded by genes with a single
exon, D2Rs come from genes with several introns, and they produce several splice variants that
are preferentially expressed in different areas of the brain (Savica & Benarroch, 2014). These
variants are differentially expressed on either the pre-synaptic or post-synaptic side of synapses in
different parts of the brain, and they can be tethered to different intracellular metabolic signaling
cascades. Thus, the mechanism of action of antipsychotics is really not sufficiently described by
their designation as dopamine D2 receptor antagonists. The questions of which D2Rs and which
parts of the brain antipsychotics affect seem not to have complete answers as of yet.

A major problem with the dopamine hypothesis is that it can only account for the positive
symptoms of schizophrenia. To be viable on its own, it would also need to explain the negative
and cognitive symptoms. On this front, it is lacking, but we should not allow this to prevent us
from incorporating the findings it has generated into a more complete model of the syndrome.
Combination of this hypothesis with the glutamate/ GABAergic interneuron hypotheses (section

2.4.2) may be more promising.

2.4.2. The Glutamate Hypothesis

Misleadingly named, the glutamate hypothesis of schizophrenia might instead be called the
NMDA receptor hypofunction hypothesis. Similar to the dopamine hypothesis, the glutamate
hypothesis was inspired by the effects of a class of drugs of abuse. Phencyclidine (PCP) and
ketamine, both dissociative anesthetics and both NMDA receptor antagonists, were observed to
produce a constellation of symptoms reminiscent of schizophrenia including hallucinations,

delusions, avolition, and importantly, neurocognitive deficits (Javitt & Zukin, 1991; Newcomer et
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al., 1999). Further, some postmortem tissue analyses revealed subtle changes in the density and
subunit composition of their NMDA receptors, though these findings have not been replicated (W.
Hu et al., 2015). It is thought that if NMDA receptor hypofunction does contribute to the
pathogenesis of schizophrenia, it is likely that this dysfunction has the greatest impact on
interneurons, and particularly PV+ INs (Gonzalez-Burgos et al., 2015). If PV+ INs are
insufficiently stimulated, the result would be relative disinhibition of pyramidal neurons. The

consistent finding of hippocampal hyperactivity could be a result of such disinhibition.

2.5 Modeling Schizophrenia: the Df(16)A+- Mouse Model of Schizophrenia Susceptibility

Psychiatric disorders are defined by their behavioral phenotypes and the subjective
experiences that patients report. This poses a special challenge for translational science, which
depends on animal models to characterize the biological substrates of disease and identify and test
potential treatments. Though considerable evidence argues against any straightforward genetic
cause of schizophrenia, it is undeniable that genetics play a significant role in the disorder’s
pathogenesis. Though there is no straight road to understanding the biology of schizophrenia, the
study of rare but highly penetrant mutations found in the genomes of subsets of patients with
schizophrenia offers a promising, if winding, avenue for progress (Arguello & Gogos, 2012).

One genetic variant among the highest known risk factors for schizophrenia is the 22q11.2
microdeletion. This microdeletion causes a syndrome known as DiGeorge Syndrome,
Velocardiofacial Syndrome, and 22g11.2 Deletion Syndrome. Flanked by sequences referred to as
low copy repeats, which are homologous, non-coding stretches of DNA susceptible to annealing
with the wrong partner, this stretch of chromosome 22 is especially vulnerable to deletion, leading

to an incidence of 1 in 2000-4000 live births (Karayiorgou et al., 2010). The microdeletion includes
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either 1.5 or 3 megabases (Mb) and either ~35 or ~60 genes, respectively. The smaller, 1.5 Mb
deletion is sufficient to cause the phenotype of the disorder, indicating that the genes it includes,
many of which are expressed in the brain, are key to its pathogenesis. There are many facets to the
presentation of 22g11.2 Deletion Syndrome including cardiac anomalies, hypoplastic thymus and
hypocalcemia, and immune deficiency, though not all patients with the microdeletion develop
these problems. Cognitive impairments are common and include low 1Q, language delays, deficits
in attention and working memory, and impairment in nonverbal, numerical tasks. Patients are also
susceptible to a range of psychiatric problems including generalized anxiety and attention deficits,
though they may not meet full diagnostic criteria for the associated disorders (Karayiorgou et al.,
2010). Significant for our purposes is the finding that approximately 30% of 22g11.2 Deletion
Syndrome patients develop schizophrenia, and up to 2% of patients diagnosed with schizophrenia
carry the deletion (Stark et al., 2008).

Given the high penetrance of schizophrenia associated with this deletion, a mouse model
missing the syntenic genes holds great promise for analysis of neural circuit dysfunction mirroring
that of patients. Several such models have been generated. One model, the Df(16)A+- mouse, is
missing all the same genes as in the human syndrome except CLTCL1 (clathrin, heavy
polypeptide-like 1) and with only a single copy of DGCR6p (DiGeorge Syndrome critical region
6), which is duplicated in the human region (Karayiorgou et al., 2010). These mice have
documented behavioral abnormalities relevant to schizophrenia including impaired sensorimotor
gating in a pre-pulse inhibition task, hyperactivity in an open-field assay, increased anxiety in a
light-dark transition test, and spatial working memory (Sigurdsson et al., 2010; Stark et al., 2008;

Zaremba et al., 2017). A hippocampal area CA2-specific reduction in density of PV+ INs has been
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reported as well as disruptions in encoding of social novelty in CA2 coupled with abnormalities in
social memory and behavior (Donegan et al., 2019; Piskorowski et al., 2016).

Changes in CAl as well as CAl-dependent behavioral abnormalities have also been
observed in Df(16)A+.- mice. Using two-photon calcium imaging of pyramidal cells in dorsal CAl
in mice, Zaremba et al. found that over the course of a spatial, goal-oriented task in which the
location of a reward is learned and then switched, Df(16)A+- mice formed less stable
representations of the reward location initially and had a significant deficit in place cell remapping
after the location change. These physiological signals were accompanied by learning impairment.
Specifically, Df(16)A+.- mice were able to learn the reward location initially to comparable levels
as wild-type (WT) controls. When the context, but not location, surrounding the reward was
changed, Df(16)A+- had a non-significant difference in performance in which they were more
impaired in trials conducted early in the day than trials at the end of the day. However, when the
context was held stable, but the reward location changed, the Df(16)A+- were significantly
impaired with no variation in performance throughout the day. However, with enough trials, they

were able to locate the reward zone, albeit with less consistency than WT controls.

In sum, schizophrenia is a catastrophic diagnosis about which we still have a great deal to
learn. However, we have at this time several leads on characterizing its pathophysiology and
identifying novel therapeutic targets. The hippocampus appears to be preferentially affected in
schizophrenia through volume reduction and hyperactivity, especially early on in the disease
course. While dopamine D2 receptor antagonists have been the mainstay of treatment for

schizophrenia, bolstering the hypothesis that schizophrenia results from a hyperdopaminergic
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state, newer evidence suggests a key role for NMDA receptors, particularly on PV+ INs. This
evidence is consistent with the notion that schizophrenia is a disease marked by disinhibition of
pyramidal neurons in specific areas of the brain, particularly the hippocampal and frontal cortices.
In the following chapters, we will focus on the role of PVV+ INs in the hippocampus in the formation
of episodic memory, an important cognitive function that is compromised in schizophrenia, in both

wild type mice and in a genetic mouse model of schizophrenia, the Df(16)A+- mouse line.
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Chapter 3: Materials and Methods

3.1 Animals and Viruses

All experiments were performed in accordance with the standards set out by the National
Institutes of Health for animal welfare and with the approval of the Columbia University
Institutional Animal Care and Use Committee. Mice were housed in the Columbia University
vivarium in the Jerome L. Greene Science Center where they were maintained on a 12-hour
light/dark cycle. Experimental animals were weaned at postnatal day 21 at which point they were
housed with same-sex littermates with 2-5 animals per cage. While adequate sample sizes were
not statistically determined prior to experimentation, sample sizes were comparable to those used
in similar publications.

For experiments involving manipulation of parvalbumin-positive interneurons (PV+ INs)
in wild-type mice, adult (>8 weeks) male and female PV-Cre knock-in mice (Hippenmeyer et al.,
2005) were used. In these mice, an IRES-cre-pA cassette has been inserted into the 3° UTR of the
fifth exon of the parvalbumin gene on chromosome allowing for expression of Cre-recombinase
in PV+ INs without disruption of endogenous parvalbumin expression. The mice used had been
backcrossed into a C57BL/6J background for >10 generations.

In experiments involving the schizophrenia-susceptibility model of 22q11.2 deletion
syndrome, adult Df(16)A+- male and female mice were used. These mice carry a 1.3 Mb
microdeletion on mouse chromosome 16 syntenic to the region deleted in human 22q11.2 deletion

syndrome. This microdeletion encompasses 27 genes spanning from Dgcr2 to Hira. The general
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breeding strategy for these mice involved crossing male Df(16)A+-  mice with wild-type,
C57BL/6J females. For experiments in which PV+ INs were manipulated in Df(16)A+- mice,
homozygous PV-Cre females were crossed with Df(16)A+- males to produce double-transgenic

mice.

3.2 Surgeries

For all surgeries, mice were deeply anesthetized using 3.5% isoflurane at a flowrate of 1.5
L/min. They were then placed in a stereotactic head frame above a circulating hot water blanket.
After sterilization of the surgical field with iodine and 70% ethanol, 0.2 mL 1:5 meloxicam in
0.9% normal saline was injected peritoneally and 0.05 mL 1:10 bupivacaine in 0.9% normal saline
was injected subcutaneously above the skull. A small midline incision was made through the skin
covering the skull. Muscle and fascia were gently pushed aside to reveal the midline sagittal suture
as well as bregma and lambda, which were leveled to be within 150 um of each other in the z-axis.
Craniotomies were then made bilaterally at 1700 um and 2100 um behind bregma and 1000 um
lateral to the sagittal suture using a dental drill. Next, a glass pulled pipette with a diameter of 10
um filled with 4 uL of the relevant virus was lowered 1500 um below the surface of the brain
using a micromanipulator. After allowing one minute for the tissue to settle, four pulses of 32 nL
of virus were infused into the brain tissue. After two minutes, the pipette was raised 150 um, and
four pulses of virus were infused. This was repeated at a total of four depths separated by 150 um
at each of the four craniotomies. Following the viral infusions, the skin was closed using 4.0 vicryl
sutures. 0.05 mL 1:10 bupivacaine in 0.9% normal saline was injected above the incision site and

triple antibiotic ointment was applied. Depth of anesthesia and respiration were monitored
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throughout the surgery and documented every 15 minutes. Mice were monitored post-op until they
were ambulating and grooming in their homecage.

For experiments utilizing DREADDs, animals were allowed to recover post-operatively
for three weeks before further experiments. For imaging experiments, a second surgery took place
two to three days after injection of the calcium-indicator virus to implant an imaging window
above dorsal CALl. Briefly, after anesthetizing the mice as described above, a 1 cm midline vertical
incision was made through the scalp to expose the skull. A 3 mm-diameter circular biopsy punch
was used to etch the outline of the window above CAL on the left side of the skull, and then a
dental drill was used to remove the bone. The dura and cortex overlying CA1 were slowly aspirated
while irrigating with cold cortex buffer until the external capsule of the hippocampus was exposed.
This capsule was then carefully aspirated to reveal the anterior-posterior fibers covering the
pyramidal layer of CAL, and then these fibers were pushed to the side. Any bleeding during the
aspiration was treated with pieces of collagen sponge (e.g., Avitene Ultrafoam Collagen Sponge,
BD). Once hemostasis was achieved, a 3 mm-diameter, 1.5 mm-length steel cannula with a fitted
glass coverslip (64-0720, Warner and Norland Optical Adhesive) covering the side making contact
with the tissue was wedged into the skull. Finally, dental cement was used to fix the cannula in
place and to cover the exposed skull while also holding in place a stainless steel headpost that
would be used for head-fixation during the imaging experiments. Mice were then brought out of
anesthesia and monitored for about one hour until they were awake and ambulating on their own.
Every 12 hours for the next three days, mice were assessed for pain and administered meloxicam
as necessary to minimize discomfort. Experiments involving LFP recording required one
additional step during the above surgery to implant the LFP electrode (NeuroNexus, Ann Arbor)

centered around the pyramidal layer of CA1 contralateral to the imaging window.
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3.3 Behavioral Protocols

3.3.1 Freely-Moving Trace Fear Conditioning

For freely-moving trace fear conditioning experiments, a three-day protocol was
implemented using traditional fear conditioning boxes (MedAssociates, Inc.). Mice were
habituated to handling through three 5-minute bouts of handling per day for three days prior to the
start of conditioning. On Day 1 of the experiment, mice were removed from their homecage and
placed in the fear conditioning box outfitted with a grid floor, angular black walls, and the scent
of 70% ethanol (‘Context A’). Following a three-minute ‘pre-tone’ period, a 5 KHz, 80 dB tone
sounded for 20 seconds. After a ‘trace’ interval of 20 seconds, a 0.75 mA current was applied to
the grid floor for 2 seconds, causing a mild but aversive footshock. From the end of the footshock,
a 2-minute ‘intertrial interval’ (ITI) intervened before the next presentation of the tone. The tone
and footshock pairing was made a total of three times, followed each time by a 2-minute ITI. The
mice were removed from the box after the course of the three pairings and placed into separate
cages. Once all mice from a given cage had gone through the conditioning protocol, they were
moved back to their homecage and returned to the animal facility.

Twenty-four hours later on Day 2, the mice were placed one at a time from the homecage
into the conditioning box again, this time outfitted with a smooth floor, rounded white walls, no
overhead lighting, and the scent of 20% acetic acid (‘Context B’). After a 3-minute ‘pre-tone’
period, the 5 KHz, 80 dB tone sounded again for 20 seconds followed by a 140-second ITI. This
sequence of tone-1TI was repeated twice more for a total of three presentations of the tone CS.
Each mouse was again placed in a separate cage until all animals from a homecage had been
through the tone-response assay. The mice were then again returned to the animal facility

overnight. Twenty-four hours later, on Day 3, the mice were individually placed back into the

37



conditioning chamber outfitted as ‘Context A.” Their behavior was monitored for five minutes
with no presentation of the tone. They were then removed and caged individually until each animal
from the homecage had undergone this re-exposure to the conditioning context.

Behavioral data were processed using Video Freeze (Med Associates) software. Epochs
were defined within each session (Pre-Tone, Tones, Traces, and intertrial intervals (I1TIs)), and the
percentage of the epoch spent freezing was extracted using a motion threshold of 18 a.u. For CS
test sessions, each of the three tone-presentation epochs were averaged together into one ‘Tone’
epoch for each mouse; the same was done for the trace epochs and ITI epochs. Analysis of the
resulting values was carried out using scripts written in Python 3 referencing SciPy and
StatsModels libraries. The mean and S.E.M. of the groups to be compared was computed, and
Welch’s t-test was used to determine statistically significant differences. For the contextual test
sessions, percent freezing was computed for each of the five minutes the animal spect re-exposed
to the conditioned context. Repeated measures ANOVAs were used to determine statistically

significant effects of genotype and treatment as well as genotype x treatment interaction.

3.3.2 Head-Fixed Trace Fear Conditioning

Mice were placed on a water-restriction protocol in which they were allowed access to
water for only 5 minutes per day. Each day for 1-2 weeks, mice were immobilized, head-fixed,
and trained to lick at a port for small water rewards. Once the mice demonstrated the capacity to
lick continuously, head-fixed trace fear conditioning could ensued. For three days, the head-fixed
mice were presented with two tones, on some trials a 5 kHz solid tone (Tone A) and on others a
10 kHz beeping tone (Tone B), both 20 seconds in duration. Trials were separated an inter-trial

interval of 180 sec. After two presentation of Tone A and two of Tone B, always in randomized
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order, a 600 sec rest period occurred with no stimuli. This sequence was repeated five times per
day with the mouse staying head-fixed through all five sessions for three days. On days four
through nine, a 15 sec trace interval was inserted between either Tone A or Tone B (CS+,
randomized across mice) followed by three small airpuffs to the mouse’s snout. The opposite tone
(CS-) was not associated with airpuffs. Conditioned fear was read out as suppression of licking
behavior. Days four through six were considered conditioning days while days seven through nine

were considered test days, though the CS+ continued to be reinforced throughout.

3.4 Caz2+ Imaging and LFP Recording

All 2-photon calcium imaging experiments were conducted using an 8-kHz resonant
scanner (Bruker). 300 um x 300 um images were acquired at 7-30 Hz using a 920 nm laser (50-
100 mW, Coherent). Goniometers (Edmund Optics) were used to align the pyramidal layer with
the 2-photon imaging plane. Images were acquired using a Nikon 40x NIR water-immersion
objective (0.8 NA, 3.5 mm WD). GCaMP6f fluorescence was detected with a GaAsP PMT
(Hamamatsu Model 7422P-40). Signal amplification was carried out with a custom dual-stage
preamp (Bruker) before digitization.

Motion correction on imaging data was carried out using a 2D hidden Markov model, and
regions of interest were identified using Suite2p (www.github.com/Mousel and/suite2p) for each
imaging session. ROIs were not registered across imaging sessions. GCamP6f fluorescence
timeseries data were extracted using MatLab (Mathworks), and relative fluorescence changes
(AF/F) were computed. Significant calcium events within the imaged boutons were identified using

the method described in Dombeck et al., 2007.
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LFP data were collected using a digital acquisition system (Intan Technologies, Los
Angeles, CA) at 25 kHz from one WT mouse and one Df(16)A+- mouse. LFP data was collected
from these mice during the imaging sessions that took place across the nine-day head-fixed trace
fear conditioning protocol. Signals were derived by bandpass filtering wideband signals between
0.1 and 625 Hz. The pyramidal layer recording site on each implanted electrode was identified
based on the amplitude of ripples and its location relative to the negative sharp-waves that are
characteristic of the stratum radiatum just ventral to the pyramidal layer. Wavelet spectrograms
were computed between 1 and 250 Hz, and the power within individual frequency bands was z-
scored within each session. Analysis of sharp-wave ripple event (SWR) frequency selected events
that peaked >6 standard deviations above the mean with ripple edges defined as >2 standard

deviations above the mean, and only ripple events lasting longer than 30 ms were included.

3.5 Antibodies and Histology

For all histology experiments, mice were deeply anesthetized using isoflurane (3.5% at a
flowrate of 2 L/min and then transcardially perfused with 4% paraformaldehyde (PFA) in 1X
phosphate buffered solution (PBS). Brains were removed and immediately submerged in 4% PFA
for 24 hours at 4°C, after which they were stored in 1X PBS. The brains were sectioned within a
week of perfusion using a vibratome and slicing at a thickness of 50 um. Free-floating sections
were then stored in 1X PBS at 4°C for up to 2 weeks before staining.

Coronal sections (n=3 per mouse) were washed three times in 1X PBS for 10 min/wash,
permeabilized by a 10-minute wash in 0.1% Triton in PBS, and blocked for 60 minutes in 10%
normal donkey serum (NDS) in 1X PBS. They were then incubated overnight at room temperature

in primary antibodies against parvalbumin (chicken anti-parvalbumin) and mCherry (rabbit anti-

40



dsRed) in 10% NDS in 1X PBS at concentrations of 1:10,000 and 1:1000 respectively. Both
antibodies were made by Dr. Susan Brenner-Morton in the Zuckerman Institute Antibody Core
Facility. Twenty-four hours later, the sections were again washed three times in 1X PBS for 10
min/wash and then incubated in secondary antibodies (donkey anti-chicken-Alexa 488 and donkey
anti-rabbit-Alexa 594 from Jackson ImmunoResearch, catalog #703-545-155 and 703-545-155,
respectively) at dilutions of 1:1000 in 10% NDS in 1X PBS for two hours at room temperature.
Finally, after another three washes in 1X PBS, the sections were counterstained for 60 min in a
1:1000 dilution of NeuroTrace 455 Blue in 1X PBS at room temperature. Sections were then
washed first in 0.1% Triton in 1X PBS and then twice in 1X PBS after which they were stored
overnight at 4° C, mounted, and coverslipped using Aquamount the following day.

For all immunohistochemistry, tissue was imaged using a W1-Yokogawa Spinning Disk
Confocal located in the Cellular Imaging Core Facility at the Zuckerman Institute. Images were
taken using the 10X objective and the 20X objective, both without immersion. Image analysis was
performed using Image J. Cells were registered using the ROl manager plugin and then counted

and assessed for colocalization by two independent students.
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Chapter 4: Development of Trace Fear Conditioning Protocols

As noted above, episodic memories involve bundles of subjective, autonoetic sensations
experienced in a particular place and context and during a particular interval of time. Episodic
memories are for sequences of events: the order in which those events happened is fundamental to
integrity of the memory and to its role in adaptive behavior. While the role the hippocampus plays
in the encoding of place and, to a lesser extent, context (Maren, 2013; Lovett-Barron, 2014) have
been exhaustively studied, how the brain, and the hippocampal formation in particular, imbues
episodic recollections with a temporal component is a subject that is in its infancy (as reviewed
above in Chapter 1). One model of the brain’s ability to stitch together sequences of events in
memory, termed temporal association memory, focuses on the formation of associations between
events that do not overlap in time (Wallenstein, 1998). Previous research has demonstrated that an
intact hippocampus is required for the formation of temporal association memory as modeled in
the trace fear conditioning (TFC) paradigm (Raybuck, 2014; Chowdhury, 2005) in which the
animal is challenged to form an association between a conditioned stimulus and unconditioned
stimulus that do not overlap. This dependency has been further narrowed both anatomically to
dorsal CA1 and temporally to the “trace” interval itself (Sellami et al., 2017). However, the means
by which the cellular and circuit elements of dorsal CAL1 facilitate the binding of non-overlapping
stimuli is an open question.

Focusing on the role that inhibitory circuits in dorsal CAl play in temporal association
learning, we were inspired by findings that PV+ INs are critical for the formation of complex

associations among sensory stimuli in the cortex (Lewis et al., 2005; Morishita et al., 2015;
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Mukherjee et al., 2019) and amygdala (Morrison et al., 2016). Further, this population of
interneurons appealed to us because of the considerable evidence for their involvement in the
pathogenesis of schizophrenia (Lewis et al., 2005; Morishita et al., 2015; Mukherjee et al., 2019),
the study of which could, as discussed above, shine light on both the mechanisms of episodic
memory formation in the healthy brain and avenues for treating the debilitating cognitive
symptoms of this disorder. Thus, we sought to monitor the dynamics of peri-somatic PV+ boutons
in dorsal CA1 over the course of the acquisition of a trace fear memory and to assess the necessity
of these dynamics for trace fear conditioning. To do so, our first step was to develop both head-
fixed and freely-moving TFC protocols for two-photon calcium imaging and pharmacogenetic
manipulations, respectively.

In this chapter, | will describe the work that went into the development of these TFC
protocols. For the head-fixed paradigm, | was fortunate to assist several members of the Losonczy
Lab who led its development including: Angel Castro, a talented technician in the lab; Dr. Mohsin
Ahmed, a post-doctoral fellow in the lab who was very generous with his mentorship; and Dr.
Satoshi Terada, another post-doctoral fellow in the lab who helped develop a means to record LFP
signal from dorsal CA1 in conjunction with calcium imaging. This protocol was adapted from the
head-fixed contextual fear conditioning pioneered by several former members of the Losonczy
Lab including Drs. Matthew Lovett-Barron, Patrick Kaifosh, Mazen Kheirbek, Jeff Zaremba,
Nathan Danielson, Thomas Reardon, and Gergely Turi. The freely-moving TFC protocol was
modeled after that developed in the Tonegawa Lab at MIT (Suh et al., 2011), but needed to be
tuned to be sensitive to the differences in learning capacity of wild-type (WT) and Df(16)A+-

mice.
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4.1 Trace Fear Conditioning in a Head-Fixed Preparation

To characterize the dynamics of peri-somatic PV+ boutons in dorsal hippocampal CA1 over
the course learning an association between temporally separated stimuli using two-photon calcium
imaging, we needed to develop a behavior paradigm that would both motivate mice to make a
temporal fear association and be compatible with head-fixation. To model temporal association
memory, we chose to employ trace fear conditioning (TFC), a variation on classical conditioning
that inserts a significant (tens of seconds) gap between the presentation of the conditioned stimulus
(CS) and the unconditioned stimulus (US). This choice was accompanied by two major issues that
needed to be resolved: first, the behavioral readout of any kind of aversive conditioning in mice is
typically freezing, an adaptive behavior that allows the rodent to avoid detection by nearby
predators. Freezing behavior would obviously be difficult to detect in an immobilized animal.
Second, aversive conditioning with strong aversive stimulus, such as foot-shock, is difficult to
perform in the head-fixed preparation because the mice frequently struggle to free themselves,
creating significant motion artifact in the imaging and endangering the animal.

To address the first issue, the problem of the conditioned response (CR), we relied on a
behavior that has been well validated by our own lab and others (Kaifosh et al., 2013; Lovett-
Barron et al., 2014) in which water-restricted mice are trained to lick continuously for small water
rewards. The cessation of licking upon presentation of the CS, which represents the suppression
of a consummatory behavior, is then used as a CR for fear memory assessment (Figure 4.1C). The
second issue was required a US that was aversive without being intolerable. A mild foot shock,
the most common US in classical conditioning, was out of the question: it would cause the animal
to struggle and likely would recruit many neural and behavioral processes that would overpower

the type of learning we were trying to study. Instead, we elected to use a train of mild air puffs to
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the mouse’s snout, a US that has been used previously in head-fixed tasks (Kaifosh et al., 2013,
2013). To allow us to better interpret the imaging results and increase our confidence that the
animal’s behavior was a reasonably reliable readout memory, our protocol involved two different
tones (2 kHz and 10kHz) with one tone (CS+) always being paired with the US and the other (CS-
) never being so paired. Which tone frequency was the CS+ and which the CS- was randomized
across mice. Our final protocol presented a 20 sec tone, followed by a 15 sec trace interval and
then, depending on whether it was a CS+ trial or a CS- trial, a train of air puffs (Figure 4.1A).
While the dependence of trace fear conditioning on dorsal CA1 in freely-moving versions
of the paradigm has been demonstrated many times (Chowdhury et al., 2005; Huerta et al., 2000;
Raybuck & Lattal, 2014), we wanted to confirm this dependence in the head-fixed preparation. To
do so, we transfected the cells of dorsal CAl with the gene encoding either the inhibitory, H+-
conducting Archaerhodopsin (Chow et al., 2010) or the inert fluorescent protein tdTomato using a
localized stereotactic injection of virus bilaterally over CAl. We then implanted optical fibers
above the area (Figure 4.1A). After training the mice to lick, they were trace fear conditioned using
our head-fixed protocol while yellow light was applied through the optical fibers, effectively
silencing dorsal CA1. Mice that were infected with the virus carrying Archaerhodopsin suppressed
licking significantly less than those infected with the virus carrying tdTomato demonstrating the

necessity of dorsal CA1 for learning the trace fear association in our preparation (Figure 4.2).
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Figure 4.1. Head-fixed trace fear conditioning paradigm allows for simultaneous, time-
locked recording of behavioral, local field potential (LFP), and 2-photon calcium imaging
data during a hippocampus-dependent memory task. A, C, and D. Head-fixed, water-restricted
mice with an imaging cannula implanted above dorsal hippocampal CA1 were trained to lick at a
port for water rewards. After training, a trace fear conditioning protocol was implemented that
involved presentation of a CS+ tone followed 15 sec later by an aversive air puff. A CS- tone was
not associated with an air puff. For the first three days of the protocol, mice were head-fixed and
then exposed to two presentations of the CS+ tone and two presentations of the CS- tone in random
order and with 180 s between presentations. Between sets of four presentations was a 600 s rest
period during which the mice remained head-fixed. This sequence of presentations and rest was
repeated approximately 5 times per day. Over the following three days, the same procedure was
repeated, but the CS+ tone was paired with the aversive airpuff (US). The last three days, the post-
learning period, consisted in the same randomized sequence of presentations interspersed with rest
periods. The CS+ continued to be reinforced during these last three days. Acquisition of
conditioned fear was inferred from degree of suppression of the licking behavior. B. Calcium
imaging scheme. Example image is of pyramidal neurons expressing GCaMP6f. (Source: Ahmed
et al., under revision, 2020).
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Figure 4.2. Dorsal hippocampal CA1l is required for head-fixed auditory trace fear
conditioning. A. Experimental design. Laser illumination was applied during presentation of the
tone (conditioned stimulus, CS), across the trace interval of 15 sec, and during the delivery of air
puffs to the snout (unconditioned stimulus, US). After training, mice underwent two conditioning
trials per day for three days. Lick suppression was then assessed on day three of the protocol. B.
Bilateral expression of either ArchT or tdTomato in the dorsal hippocampus. C. Normalized lick
rate during CS presentation for mice that received the ArchT virus (green) or the tdTomato virus
(grey). There was a statistically significant effect of trial number (p < 0.001) and for the interaction
between trial number and identity of virus injected (p < 0.05). D. Laser stimulation applied during
learning trials; percent change in normalized lick rate from Day 1 baseline sessions (no stimuli
presented) to Day 3 CS testing sessions. Paired t-test indicated significant effect of virus identity
(p < 0.01). E. Same as D, but with laser stimulation applied during baseline (non-conditioning)
trials. Effect of virus identity was not significant. (Source: Ahmed et al., under revision, 2020).

4.2 Freely-moving Trace Fear Conditioning

While an animal’s behavior can be as reliable as any physiological read-out of the brain’s
activity if it is measured carefully under controlled conditions, the sample size needed to separate
signal from noise precluded use of our head-fixed TFC paradigm for assessment of the necessity
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of PV+ INs for temporal fear learning. While freely-moving trace fear conditioning dates back at
least as far as Pavlov, the variability of protocols in use remains high. We were particularly
interested in producing results that could be compared with those produced by other laboratories
studying the role of the hippocampal formation in temporal association memory, and we therefore
initially piloted a protocol fashioned after that used in studies of the entorhinal cortex’s
contribution to TFC (Suh et al., 2011). In this protocol, on Day 1 the mouse was placed in a novel
chamber with a grid floor and scented with ethanol (Context A). After a 3-minute pre-tone period,
a 20 sec, 3 kHz tone (CS) was played which was followed by a 20 sec empty trace interval. At the
end of the trace interval, the mouse received a 2 sec, 0.75 mA electric foot shock through the grid
floor. The foot shock was followed by a 2 min intertrial interval. The sequence of tone, trace, foot
shock, intertrial interval was repeated two more times, and then the mouse was removed from the
chamber and placed back in his or her home cage. Twenty-four hours later, the mouse was
introduced to Context B, which was a different chamber with a smooth floor and scented with
acetic acid. In Context B, after a 3-minute pre-tone period, the CS was presented for one minute
followed by a 2 min intertrial interval. This sequence of CS presentation and intertrial interval was
repeated two more times and a conditioned freezing response was measured. Importantly, the CS
was not reinforced with foot shocks during these trials. On Day 3, the mouse was placed back in
Context A for 5 minutes and conditioned responding was measured using automated analysis of
immobility software (VideoFreeze, MedAssociates, Inc.) Behavior was sampled with a frame rate
of 30 frames/sec, and motion was detected as a change in the greyscale intensity greater than a set

threshold (18 units) for a pre-specified number of frames (30 frames, i.e., 1 sec) (Figure 4.3).
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Figure 4.3. Freely-moving trace fear conditioning protocol. Three-day protocol to test trace
and contextual fear learning. On Day 1, the mouse is introduced to Context A. After a three-
minute pre-tone period, a 20 sec tone sounds. Twenty seconds after tone offset, the mouse
receives three aversive foot shocks. After a two-minute inter-trial interval (ITI), the tone-trace-
shock-1T1 sequence is repeated twice more. On Day 2, the animal is introduced to a new context,
Context B, and after a three-minute pre-tone period, the conditioned tone is presented for 20
sec three times with 200 sec it is, and freezing levels (percent of time spent freezing during a
set of defined intervals) are assessed. On Day 3, the animal is reintroduced to the conditioned
context (Context A) for 5 min and freezing is assessed.

Using this paradigm, we were unable to elicit a reliable freezing response from the majority
of wild-type mice upon re-exposure to the CS, and none of the Df(16)A+/- mice were able to make
the association between tone and shock. It was important to develop a protocol that would be

difficult enough to tease out differences between wild-type and Df(16)A+- mice but not so difficult
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that not even the wild-type mice were able to acquire the fear memory. We assessed aspects of the
protocol that would make the trace fear conditioning aspect of the task (as opposed to the
contextual fear conditioning aspect of the task) difficult for the mice to learn. First,
counterintuitively, making the contexts more distinct augmented freezing to the conditioned tone
in Context B in both wild-type and Df(16)A+- mice. We added black, sloping walls and a light to
the Context A chamber and white, curved walls to Context B. Second, we made the tone more
salient by changing its frequency to 10 kHz. Third, and perhaps most importantly, we reasoned
that the prolonged, 1-minute re-exposure to the tone per trial on Day 2 could be hastening
extinction of the conditioned response. We, therefore, shortened the presentation to the 20 sec used
during the conditioning trials. Having made these adjustments, we moved forward to experiments
putting our TFC protocol to use in the analysis of the role of PV+ INs in temporal association

learning.
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Chapter 5: Parvalbumin-Positive Interneurons in Temporal and

Contextual Association Memory

5.1 Inhibition of PV+ INs during encoding, but not consolidation, enhances the formation
of contextual fear memory.

The first question we hoped to address was whether PV+ INs in dorsal hippocampal CA1
are necessary for successful trace fear conditioning, and if so, when relative to learning they exert
their effects. There is evidence for their importance in encoding in the hippocampus (Murray et
al., 2011), cortex (Agetsuma et al., 2018; Letzkus et al., 2011), and amygdala (Wolff et al., 2014)
as well as evidence for their role in the modulation of the gamma-frequency oscillations that are
correlated with successful encoding. Consolidation of associative memory also appears to rely on
PV+ INs in the hippocampus (Ognjanovski et al., 2017; Xia et al., 2017), and PV+ INs are
recognized as important contributors to the sharp-wave ripples that are associated with
consolidation (Klausberger et al., 2003; Stark et al., 2014). An alternative view of this question
might be in the framework of PV+ INs’ role in network plasticity in both the developing and adult
nervous system (Donato et al., 2013). In this context, one would expect not so much the discrete
contributions of PV+ INs to encoding or consolidation to be essential, but rather their ability to
transition between ‘low-PV’ and ‘high-PV’ states to regulate plasticity (Figure 5.1; see Chapter

1.2)
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Figure 5.1. Hypothesized adult PV-network plasticity model of the influence of PV+ INs
over various phases of learning. Top, potential for structural synaptic plasticity of the
network. Bottom, proposed fluctuations in the PV+ IN differentiation state corresponding to

distinct phases of learning.

Taking this body of knowledge into account, we hypothesized that a lesion specific to the
PV+ INs of dorsal CAl during encoding or consolidation would disrupt the acquisition of trace
and contextual fear conditioning. To test this hypothesis, we delivered a virus encoding the
inhibitory DREADD (Designer Receptor Exclusively Activated by Designer Drug) hM4D(Gi) in
a Cre-dependent manner bilaterally to dorsal CAl in PV-Cre mice. Subsequent
immunohistochemistry revealed that 93 + 4.6% of PV+ cells in dorsal CAl also expressed
hM4D(Gi), and no cells that expressed hM4D(Gi) but not PV were detected. (n = 3 mice; one 50
um coronal section from the center of the dorsal hippocampus was analyzed per mouse). The
distribution of PV-immunoreactive cells was stratum pyramidale, 27.4%; stratum oriens, 58.1%;

and stratum radiatum, 14.5% (Figure 5.2).
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50um

Figure 5.2: Expression of hM4D(Gi)-mCherry overlaps with PV expression following
transfection of PV Cre mice with flexed DREADD virus. Immunohistochemistry in 50 um
sections using primary antibodies against PV (green channel) and mCherry (red channel). Top
images, 20x objective. Bottom images, 2x magnification. Analysis of one section centered on
dorsal CA1 per mouse in 3 mice revealed a co-expression rate of 93 + 4.6%. Distribution of PV-
immunoreactive cells was: stratum pyramidale (SP), 27.4%; stratum oriens (SO), 58.1%; and
stratum radiatum (SR), 14.5%.

After a three-week recovery period allowing for adequate receptor expression, we
habituated the mice to handling and to receiving intraperitoneal injections of saline over the course
of three days. On the fourth day, we administered the designer drug, clozapine-N-oxide (CNO, 5
mg/kg), intraperitoneally 20 min prior submitting each mouse to our freely-moving trace fear
conditioning protocol (see Chapter 4 for details). Given the pharmacokinetic properties of CNO
(Jendryka et al., 2019), we expected the plasma CNO concentration to reach its peak at the
beginning of conditioning and to be effectively eliminated within one hour (though see Chapter 7,

section 7.4 on the limitations of DREADD use during encoding). Twenty-four hours later we
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assessed conditioned freezing to the tone-CS, and on Day 3 we assessed freezing to the conditioned
context.

To our surprise, we found that freezing to the tone-CS was not impaired by treatment with
hM4D(Gi) in PV+ INs (n = 4) compared with wild-type, untreated controls (n = 10; Figure 5.3A,;
see Chapter 7, section 7.4 on the limitations of this comparison and section 7.5 on future plans for
improved control experiments). Further, the PV-Cre mice that received the virus and CNO
performed better than wild-type controls in the context test portion of the protocol (Figure 5.3B;

genotype, p <0.01; time, p <0.01).

A- WT = PV_hM4DGi * WT ® PV_hM4DGi

=]

=)
o
<]

®
.
80 t o
H
60 l %o )
o R
. . :
40 . s
.
: % 20 o
enotype
20
Time **
o 0 Genotype x Time n.s.
0 .

PreTone Tone Trace ITl 1 2 ,3 & 5
Time
Component

®
o

Freezing
Freezing
o
o

N
o

Figure 5.3. Inhibition of PV+ INs during the encoding phase of TFC has no significant effect
on conditioned responding to tone or but enhanced responding to context. A. Freezing levels
by component type for each genotype. No significant differences were detected using Welch’s t-
test for each component, but there was a trend toward significance for enhanced freezing to tone
and trace for the mice that received the hM4D(Gi) virus. B. Freezing upon reexposure to the
conditioning context across 5 minutes. Two-way repeated-measures ANOVA revealed a
significant effect of genotype (p<0.01) and time (p<0.01), but no interaction between the two. *,
p <0.05; **, p<0.01; *** p < 0.001.

We next asked what effect inhibition of PV+ INs in dorsal CA1 during consolidation would
have on tone-CS-elicited freezing and freezing to the conditioned context. This question was

important not only to elucidate the necessity of PV+ IN function during consolidation for fear
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memory, but also was an important control to rule out the possibility that our pharmacogenetic
manipulation during encoding was spilling over into the consolidation period and having its
influence during that epoch. After carrying out same procedure outlined above, we submitted PV-
Cre mice transfected with either a Cre-dependent hM4D(Gi) gene (n = 9) or a Cre-dependent gene
encoding the inert fluorescent protein tdTomato (n = 10) to freely-moving trace fear conditioning.
Immediately after conditioning, we injected CNO (5 mg/kg) intraperitoneally. Assessment of tone-
CS induced freezing 24 hours later revealed no significant difference between mice carrying the
hM4D(Gi) gene versus tdTomato (Figure 5.4A). Re-exposure to the conditioned context did not
yield significant differences in freezing between the two groups (Figure 5.4B). Together, these
unexpected results led us to reject our hypothesis that inhibition of PV+ INs during either encoding

or consolidation would impair hippocampus-dependent associative learning.

= PV_tomato PV_hM4DGi ® PV_tomato PV_hM4DGi

100 100
Genotype n.s.
Time ***

80 80  Genotype x Time n.s.

60 60

Freezing
+—.- de
ode
o 00—,

Freezing

40 .

—
40 e

.
% / | | i
v :
20 I J 20
&
0 - 0
PreTone Tone Trace 1Tl 9 2 3 4 5
Component

&
o Sed— 20

Figure 5.4: Inhibition of PV+ INs during consolidation after TFC has no remarkable effect
on conditioned responding to either tone or context. A. Tone test. Welch’s t-test was used to
determine statistical significance of the difference between mice that were treated vs. not treated.
B. Context test. Two-way repeated measures ANOVA reveals a significant effect of time, but not
genotype, on percent freezing. *, p < 0.05; **, p < 0.01; ***, p <0.001. hM4D(Gi) group, n = 9;
tdTomato group, n = 10.
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5.2 Potentiation of parvalbumin-positive interneuron activity during encoding impairs the
formation of contextual fear memory.

Given that inhibition of PV+ INs during encoding or consolidation did not result in learning
deficits and even enhanced contextual fear memory, we next asked whether potentiation of PV+
INs during encoding would lead to impaired trace and contextual fear conditioning. We repeated
the procedures for expressing designer receptors in PV+ INs as described above, but instead
injected a virus carrying a Cre-dependent gene encoding the excitatory designer receptor
hM3D(Gqg). We administered CNO intraperitoneally 20 min prior to conditioning and then
submitted the hM3D(Gq)-carrying mice (n = 7) to our trace fear conditioning protocol. When
compared to wild-type, untreated mice (n = 10), responding to the tone-CS 24 hours later of mice
with potentiated responding of PV+ INs had subtle changes in freezing levels (Figure 5.5A),
including significantly reduced conditioned responding during the tone and intertrial intervals (p
<0.001). In the contextual fear assay, the mice that received the viral injection and CNO performed
significantly worse than the untreated wild-type controls (p < 0.01) (Figure 5.5B). Together, these
results suggest that the excitability of PV+ INs in dorsal CA1 has a substantial impact on the
acquisition of hippocampus-dependent fear associations. Further, taken together with the results
from the inhibition experiments, we observed bidirectional modulation of contextual fear

conditioning through opposing manipulations of PV+ INs in dorsal CA1.
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Figure 5.5. Potentiation of PV+ INs during the encoding phase of TFC impairs conditioned
responding to tone and significantly impairs responding to context. A. Freezing levels for each
component of TFC on the tone test day. A Welch’s t-test indicated a subtle but significant
decrement in freezing in the mice that received hM3D(Gq) occurred during presentation of the
tone (CS). B. Freezing during the 5-minute reexposure to the conditioning context. Two-way
repeated-measures ANOVA revealed significant effects of both time (p < 0.05) and genotype
(p<0.01). *, p < 0.05; **, p < 0.01; ***, p <0.001. PV-Cre with hM3D(Gq), n = 6; WT, n = 10.

5.3 Subsets of parvalbumin-positive, peri-somatic boutons in dorsal CA1 have activity
tuned to behaviorally relevant, temporally extended stimuli during head-fixed trace fear
conditioning.

To better understand the role of parvalbumin-positive (PV+) interneurons in the acquisition
of temporal association memory, we returned to the head-fixed trace fear conditioning paradigm,
this time delivering a Cre-dependent version of the GCaMP6f virus to dorsal CA1 in PV-Cre mice,
followed by imaging cannula window implantation, behavioral training, and in vivo GCaMP-Caz+
imaging. In a subset of experiments, we also carried out local field potential (LFP) recordings to
monitor learning associated changes in hippocampal CA1 networks oscillations during head-fixed
trace fear conditioning. These imaging and LFP experiments were carried out in collaboration with

Dr. Satoshi Terada, a postdoctoral fellow in the Losonczy lab. He led these experiments, and | am

grateful for the opportunity | had to assist him.
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Focusing the imaging plane on the dorsal CA1 stratum pyramidale, we were able to monitor
activity of peri-somatic PV+ boutons using the calcium indicator GCaMP6f. Because their
terminals were clustered around the cell bodies of PCs (unlabeled), the boutons likely belonged to
fast-spiking PV+ basket cells (Hu et al., 2014). We observed PV+ boutons that expressed either
transient (phasic) or sustained (tonic) activity profiles during the tone or the trace phases of the

head-fixed trace fear conditioning task (Figure 5.6).

5.4 Number and activity pattern of detected boutons diminishes during learning trials and
becomes stronger during post-learning trials.

Subsets of PV+ boutons appeared to be active during distinct task phases (e.g., tone or trace)
before (PRE), during (Learning), and after (POST) conditioning (Figure 5.7). We found that before
conditioning (PRE), PV+ bouton responses in PV-Cre mice showed similar activation profiles
during CS+ and CS- trials, with the majority of boutons being active during the early part of the
tone periods and only weakly active during the trace period. A smaller subset of boutons exhibited
activity preferentially during the trace period. During Learning trials, we detected approximately
three-fold fewer boutons with dynamic activity during both CS+ and CS- trials. A majority of
boutons that did have dynamic activity were active during the pre-tone period and during the first
five seconds of the tone, but ceased to be active from that point on through the trace interval.
Smaller subsets of dynamic boutons had sustained activity during the trace interval during the
Learning trials. During POST learning trials, more of the detected PV boutons were suppressed
shortly after the CS+ as compared to CS- tone onset. Approximately 30% of the detected boutons

in both CS+ and CS- trials became active during the tone and sustained their activity until the end
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of the trace interval. Finally, we observed that fewer boutons appeared to respond to CS- trials
compared to CS+ trials during POST-conditioning in PV-Cre mice.

Of note, while these relative changes in bouton GCaMP-Caz2+ signal between trial events
(e.g., tone, trace) and learning (PRE/Learning/POST) are informative, Caz2+ imaging does not allow
one to determine and compare activity and firing rates between mice, and our current methods for
ROI registration across trials and days are inadequate for boutons. Further, because our behavioral
protocol spans nine days, there may be changes in fluorescence intensity that are due to changes
in expression of GCaMP. Future studies combining inhibition of PV+ INs and imaging of CA1
pyramidal cell dynamics should be able to address, for example, whether suppressing PV+ IN
activity during trace fear learning (i.e., during the CS+ tone) facilitates learning-related

reorganization in the CA1 pyramidal cells population dynamics.
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Figure 5.6. Examples of task-related PV bouton activity during CS+, post-learning trials. For
A-D, top shows tuning profile of PV boutons. Each row is an individual bouton, and the x-axis
corresponds to time where 0 s is the tone onset. Color at a given moment corresponds to the z-
score (number of standard deviations) of the bouton’s fluorescence intensity relative to baseline.
Bottom plots the z-score of the mean across all boutons of a given group in red and z-score of the
first principal component in pink across time. Tone onset is at 0 s and offset at 20 s. These data all
came from the same single mouse, but reflected trends seen in three PV Cre mice. A. Examples of
boutons that had an onset of activity during the tone presentation or the trace interval but that
quickly adapted, returning to baseline fluorescence intensity. Note that the first principal
component captures most of the variance during the tone but not during the trace interval. B.
Boutons that became active during the tone presentation and maintained their activity through the
beginning of the trace interval. C. Group of boutons that became active during the trace interval
and sustained their activity through the end of the trial. D. Boutons that became active during the
tone and sustained their activity through the end of the trial.
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Figure 5.7. PV bouton activity relative to task events in pre-learning, learning, and post-
learning CS+ and CS- trials. Raw signals were z-scored, and negative values more than one
standard deviation from the mean fluorescence were classified as inactive (blue) while values
greater than two standard deviations above the mean were assigned active (yellow). Thus, the onset
of activity represents the first time bin in which the bouton fluorescence exceeded two standard
deviations above the mean fluorescence. A, D. Plotted activity of each imaged PV+ boutons during
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pre-learning CS+ (A) and CS- (D). B, E. Activity of each PV+ bouton during learning-phase CS+
(B) and CS- (E) trials. C, F. Activity of each PV+ bouton recorded during post-learning CS+ (C)
and CS- (F) trials.

5.4 Changes in LFP recordings between pre-learning trials and post-learning trials in WT
mice

Hippocampal oscillatory dynamics show characteristic changes depending on behavioral
state (Colgin, 2016). For example, hippocampal theta-frequency (~6-10 Hz) rhythms occur during
active exploration (Buzsaki, 2002) as well as during REM sleep, whereas the faster, transient sharp
wave ripple (SWR) oscillations (~180-250 Hz) take place during awake immobility and slow-wave
sleep (Buzséki, 2015). In addition, gamma (30-180 Hz) oscillations preferentially occur at specific
phases of the slower theta rhythm. These hippocampal rhythms, typically recorded as
electroencephalograms (EEGs) and local field potentials (LFPs), are linked to normal cognition
and are also known to be disrupted in various disorders, including schizophrenia (Marissal et al.,
2018). In this framework, hippocampal memory encoding and recall are generally associated with
theta and superimposed gamma oscillations (Colgin, 2016) while sharp wave ripples (SWRs) are
thought to be critical for memory consolidation (Buzsaki, 2015). Importantly, peri-somatic,
GABAA receptor-dependent inhibitory inputs (which includes PV+ INs) to CA1 pyramidal cells
play key mechanistic roles in the generation of all these rhythms (Somogyi and Klausberger, 2008;
Buzsaki, 2002, 2015; Colgin 2016). Furthermore, recent studies have identified that in the CAl
region gamma oscillations are associated with multiple input-dependent gamma generators
operating over distinct frequency bands: a ‘slow’ (~30 to 50 Hz) oscillation originating in stratum
radiatum and associated with CA3 afferent activity as well as ‘mid-gamma’ band (~50 to 90 Hz)

and ‘ultra-fast-gamma’ band (~90-180Hz) oscillations originating primarily in stratum lacunosum
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moleculare and associated with entorhinal inputs (Buzsaki and Wang, 2012; Colgin et al., 2009;
Colgin and Moser, 2010; Csicsvari et al., 2003).

While fear state and fear learning are generally also associated with theta and gamma
oscillations (Dejean et al., 2016) , the detailed nature of learning related changes in CA1 oscillatory
network dynamics remain unknown. To assess CA1 oscillatory dynamics, in a subset of
experiments we carried out LFP recordings in CA1 using a four-channel silicone probe implanted
in the hippocampal CA1 contralateral to our imaging window. In PV-Cre mice we observed that
the amplitude of gamma oscillations was undifferentiated in CS+ and CS- trials before
conditioning. In contrast, the amplitude of gamma oscillations in the slow gamma range was
suppressed in post-learning CS- trials while the amplitude of gamma oscillations in the mid-
gamma range (50-90 Hz) and fast-gamma range (90-180 Hz) were suppressed in post-learning
CS+ trials. In the fast-gamma range, gamma oscillation amplitude in both CS+ and CS- trials was
phase-shifted 180 degrees relative to theta (Figure 5.8). Modulation of gamma oscillations in the
mid- and fast-gamma range, which correspond to input from the entorhinal cortex, may correlate
better with performance in trace fear conditioning, possibly suggesting preferential modulation of
input from the entorhinal cortex in trace fear learning. Because gamma oscillations are mostly
generated by inhibitory currents, the reduction in gamma amplitude in the CS+ trials post-learning
may correspond to an overall decrease in activity of Pv: INs. Given our imaging results, and the
increase in proportion of Pv- INs sustaining activity from mid-tone through the trace period, it may

be the case that though the cells were active longer, fewer were active in total.
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Figure 5.8. CS-related gamma-frequency oscillations in dorsal CAl before and after trace
fear conditioning. A. Change in amplitude (z-score) of gamma oscillations from pre-learning to
post-learning (top maps correspond to pre-learning trials, bottom to post-learning) and between
CS+ and CS- trials (horizontal) relative to theta phase. F, fast-gamma; M, mid-gamma; S, slow-
gamma. B. Mean amplitude (z-score) of gamma oscillations binned by slow, mid, and fast ranges.
For these plots, left-hand side corresponds to pre-learning trials whereas right-hand side
corresponds to post-learning trials.

During the five-minute rest periods between trials, we expected to detect sharp-wave
ripples (SWRs) that, along with the absence of theta, are the hallmark of consolidation during quiet
wakefulness and slow-wave sleep. As expected, the rate of SWRs went up during the learning-
phase days and then returned to near-baseline levels during post-learning days (Figure 5.9A,B).

The majority of ripples responsible for the increase in number were short in duration (Figure 5.9C).
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Figure 5.9. Sharp-wave ripple (SWR) rates are elevated during rest periods on learning days.
A. SWR rates clustered by learning phase. Pre, Days 1-3; Learning, Days 4-6; and Post, Days 7-
9. B. Mean SWR rate across individual days. C. Distribution of ripple durations over Pre, Learning,
and Post intervals. N = 1.
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Chapter 6: Temporal Association Memory in a Mouse Model of

Schizophrenia Susceptibility

Equipped with a clearer picture of the role that PV+ INs play in temporal association
memory in healthy mice, we were prepared to make and test hypotheses about their role in
cognitive deficits in our genetic mouse model of schizophrenia susceptibility. We began by
confirming that Df(16)A+- mice were impaired in the freely-moving and head-fixed version of
trace fear conditioning. We then moved on to characterize PV+ IN bouton activity in Df(16)A+.-
mice relative to WT controls during trace fear conditioning. Finally, we attempted to correct the
behavioral impairment in trace fear conditioning through manipulation of PV+ INs in Df(16)A+-

mice. Our results are described below.

6.1 Df(16)A+- mice are significantly impaired in freely-moving and head-fixed trace fear
conditioning

Our first step in addressing changes that might be seen in PV+ INs in the Df(16)A+/- mice
was to identify whether they did, if fact, have an impairment in trace fear conditioning that our
TFC protocols would be sensitive to. When we compared the performance of the Df(16)A+.- mice
to that of WT mice, highly significant decrements in freezing behavior during the tone and trace
post-learning trials were detected (Figure 6.1A). In the freely-moving task, PreTone freezing levels
were comparable between the two groups, suggesting that differences in freezing were not due to

baseline difference in activity level. Further, our Df(16)A+- mice froze when re-exposed to the
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context in which conditioning took place, arguing against the possibility that more global (e.g.
amygdala) circuits were unable to support fear learning (Figure 6.1B).

In the head-fixed task, lick suppression levels were comparable at baseline between the
Df(16)A+-and WT animals. Post-learning, though, the WT mice were consistently able to suppress
to the CS+ tone and not the CS- tone (implying successful discrimination) whereas the Df(16)A+/-
mice had small but not significant lick-rate changes. The Df(16)A+- mice also appeared to be

unable to restrict their lick-suppression to the CS+ tone (Figure 6.2).
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Figure 6.1: Df(16)A+- mice have a severe, specific deficit in trace fear conditioning. A. Percent
freezing during specific epochs of the tone test test. Test presented the tone-CS three times in a
novel context. Each point in Tone, Trace, and ITI epochs represent one mouse’s average freezing
across three tone presentations that were not reinforced. Welch’s t-test was used to determine
statistical significance of the difference between WT mice vs. Df(16)A+.-. B. Percent freezing to
re-exposure to conditioned context across 5 minutes’ time. A two-way repeated-measures
ANOVA revealed a significant effect of time on freezing, but no significant effect of genotype or
an interaction between time and genotype. *, p < 0.05; **, p < 0.01, ***, p < 0.001. WT, n = 10;
Df(16)A+-, n = 10.
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Figure 6.2. Df(16)A+- mice are impaired in head-fixed trace fear conditioning compared to
WT (PV Cre) controls. Left, WT (PV Cre) mice are able to acquire a fear response to the CS+
tone as evidenced by their suppression of licking behavior upon presentation of the CS+ but not
the CS- tone during the post-learning phase. Right, Df(16)A+- mice do not suppress licking to
either the CS+ or CS- tone consistently. WT (PV Cre) group, n = 2; Df(16)A+.- group, n = 2.

6.2 Imaging peri-somatic PV boutons in Df(16)A+- mice shows absence of key features
seen in WT mice in post-learning trials.

Though one must interpret differences between mice with caution, our results suggested
that at baseline, PV+ INs of Df(16)A+- mice have fewer boutons exhibiting sustained responses
that WT mice (Figure 6.3 A,D). Over the course of learning, we failed to observe prominent
learning-related changes in PV+ bouton GCaMP-Caz+activity in Df(16)A+- mice that were seen in
WT mice. Bouton activity profiles remained similar between CS+ and CS- trials (Figure 6.3).
There was no discernable shift in bouton activity toward the late part of the tone interval in either

CS+ or CS- trials, and considerably fewer boutons had sustained activity across the trace interval.
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Together these imaging results suggest that while peri-somatic PV+ boutons exhibit learning

related changes in WT mice, while these changes are largely absent in the Df(16)+/- mice.
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Figure 6.3: PV bouton activity relative to task events in pre-learning, learning, and post-
learning CS+ and CS- trials in wild-type (top panel) and Df(16)A+- mice (bottom panel).
Wild-type plots are replicated here (top panel) from Chapter 5 for ease of comparison with the
Df(16)A+- plots. As above, raw signals were z-scored, and negative values more than one standard
deviation from the mean fluorescence were classified as inactive (blue) while values greater than
two standard deviations above the mean were assigned active (yellow). Thus, the onset of activity
represents the first time bin in which the bouton fluorescence exceeded two standard deviations
above the mean fluorescence. A, D. Plotted activity of each imaged PV+ boutons during pre-
learning CS+ (A) and CS- (D). B, E. Activity of each PV+ bouton during learning-phase CS+ (B)
and CS- (E) trials. C, F. Activity of each PV+ bouton recorded during post-learning CS+ (C) and
CS- (F) trials. Data shown are from one wild-type (PV-Cre) mouse and one Df(16)A+- mouse;
trends were confirmed to be representative of those seen in the each animal from the sample (wild-
type, n = 3; Df(16)A+-, n = 2) (Figure courtesy of Dr. Satoshi Terada).

These imaging results must be interpreted with caution. They come from one Df(16)A+/:-
mouse and one WT mouse. Though the trends appeared similar in other mice, it will be essential
to replicate these findings in more mice and take stock of population trends. The absolute number
of ROIs represents all trials of a kind (e.g., CS+, learning phase), but in some circumstances a trial
had to be discarded because of severe motion artifact, which would reduce number of detected
boutons relative to other trials of a kind. In these cases, fewer ROIs cannot be interpreted as
reduced number of detectable boutons. Also, when interpreting these plots, it is important to
remember that the signal has been ‘binarized.” By this, we mean that the mean of the raw activity
signals for each ROI was found and the z-score for each time bin was plotted. Then, bins with a
negative z-score more than one standard deviation below the mean fluorescence were classified as
‘inactive,” and the bins with a z-score greater than two standard deviations above then mean were

classified as ‘active.” Plotting the activity in this way makes it easier to detect activity onset, but it

also deemphasizes intermediate levels of activity.
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6.3 LFP recordings from dorsal CA1 of Df(16)A+- mice over the course of trace fear
conditioning

As with the WT mice (Chapter 5), we implanted Df(16)A+:- mice with a four-channel silicon
probe in CALl contralateral to the imaging cannula. Comparing the baseline gamma-range
oscillations in the slow, mid, and ultra-fast ranges, we found no discernable differences between
the WT and Df(16)A+- mice in PRE-learning trials (Figure 6.4). In the POST-learning trials,
Df(16)A+- patterns of amplitude of gamma-range oscillations differed from WT counterparts in
several ways. While in the mid-gamma ranges WT mice showed a reduction in amplitude of
oscillations specific to CS+ trials, Df(16)A+- mice did not. In the ultrafast-gamma range, WT
amplitudes were decreased specifically in CS+ trials, and the highest amplitude oscillations were
shifted such that they occurred during the trough of theta-band oscillations. Df(16)A+:- mice did
have a reduction in the amplitude of CS+ trials similar to the WT, but the peak amplitude in the

gamma-band was aligned with the peak of theta.
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Figure 6.4: Changes normally seen in mid- and high-gamma-frequency oscillations over the
course of trace fear conditioning in WT mice are absent or attenuated in Df(16)A+- mice.
Top Panel (results from WT mice) are discussed in Chapter 6 and are included here only for
convenience of reference in comparison with the Df(16)A+- plots. Bottom Panel, A. Change in
amplitude (z-score) of gamma oscillations from pre-learning to post-learning (top maps correspond
to pre-learning trials, bottom to post-learning) and between CS+ and CS- trials (horizontal) relative
to theta phase. F, fast-gamma; M, mid-gamma; S, slow-gamma. B. Mean amplitude (z-score) of
gamma oscillations binned by slow, mid-, and fast-gamma ranges. For these plots, left-hand side
corresponds to pre-learning trials whereas right-hand side corresponds to post-learning trials. WT,
n=1; Df(16)A+-, n=1.

These results with large-scale electrophysiological recordings indicate that learning-
associated changes in CA1 networks oscillations, especially the observed reduction in mid-gamma
band oscillations in the WT during POST learning trials, are largely missing in the schizophrenia
susceptibility model mice. Given that PV+ interneurons play a critical role in gamma oscillations,
these observations further support a dysfunction of PV+ GABAergic circuits in the hippocampus

of the model mice and possibly in patients with schizophrenia.
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Figure 6.5. Neither sharp-wave ripple rates nor the distribution of durations differ
substantially between Df(16)A+- mice and WT (PV Cre) controls. Top left and center: In WT
(PV Cre) animals, the frequency of sharp-wave ripples (SWRs) increased during the learning
period and decreased back to baseline during the ‘post’ phase. Top right: The majority of SWRs
comprising the increase in rate during the learning period were ripples of short duration. Bottom:
Ripple rate also increased in Df(16)A+- mice during the learning phase, and the frequency and
distribution of durations of the SWRs were comparable to those of the WT group. WT (PV-Cre),
n=1; Df(16)A+-, n=1.

In contrast to the differences in gamma oscillation modulation, SWR-related network
dynamics were very similar between WT and Df(16)A+- mice. We found that SWR rates in
Df(16)A+- mice have the same pattern of elevation seen during the learning phase seen in the WT
controls (Figure 6.5). The absolute SWR rates as well as the distribution of ripple durations were
similar between Df(16)A+- mice and WT controls. However, SWR-triggered PV bouton activity
recorded by means of calcium imaging had a much smaller decay time constant than in WT

controls (Figure 6.6). Overall, these findings further suggest a primarily encoding-related deficit
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in Df(16)A+- during trace fear conditioning, while consolidation of trace fear memory seems to be
less affected. This conclusion requires further direct testing of the effects of PV+ IN inhibition
during consolidation on trace fear conditioning. Future work employing imaging and
electrophysiological recordings from CA1 pyramidal cells during SWRs can address the
outstanding question of whether, despite the overall similar increase in SWR rate observed during
post-learning trials in WT and Df(16)A+- mice, SWR-associated memory replay (Buzsaki, 2015)

is altered following trace fear conditioning in the mutant.

A. Df(16)A"

Figure 6.6: The decay of PV+ bouton activity following ripple oscillations occurs more
quickly in Df(16)A+- mice than WT (PV-Cre) controls. A. Wavelet power and frequency of
oscillations are comparable in WT controls (left) and Df(16)A+- mice (right). B and C. In WT
controls, PV+ boutons that become active during ripple events are more persistently active than
those that become active at ripple-peak in Df(16)A+/- mice. WT (PV-Cre), n = 1; Df(16)A+-, n = 1.
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6.4 Inhibition of parvalbumin-positive interneurons during encoding in freely-moving trace
fear conditioning restores post-learning freezing levels to near-WT values.

Based on our findings that inhibition of PV+ INs during encoding significantly improved
performance in the contextual fear conditioning task and slightly improved performance in the
trace fear conditioning, we decided to try this manipulation with the PV+ INs in Df(16)A+.- to see
whether we could restore their performance. We injected the flexed-hM4D(Gi) virus into the
dorsal hippocampi of five Df(16)A+- mice that were also PV-Cre+. After three weeks of recovery,
we ran these mice through our freely-moving trace fear conditioning protocol, administering CNO
20 min before the encoding session. When we compared the performance of these mice to their
untreated counterparts, we found that their performance in the tone test portion of the task
improved significantly (tone, p = 0.05; trace, p < 0.01; PreTone and ITI, not significant). There
was no change in contextual fear conditioning other than an overall decrease in variability in the
treated group, but we did not detect a deficit in this part of the protocol to begin with. In the tone
test, it is important to note that the Df(16)A+- mice did not achieve the levels of freezing of their
WT counterparts. This could be due to incomplete infection of the PV+ INs with the DREADD

virus or too low a dose of the CNO.
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Figure 6.7: Inhibition of PV+ INs during the encoding phase of trace fear conditioning
significantly improves conditioned responding to the tone CS without changing response to
the conditioned context. A. Trace fear conditioning, tone test. Each component bin (e.g., ‘Tone’)
represents the average freezing across three trials except the PreTone period, which only
incorporates the freezing before any trials. Welch’s t-test was used to determine statistical
significance of the difference between mice that were treated vs. not treated. B. Context test on
day 3 of trace fear conditioning. Time (x-axis) is measured in minutes. Two-way repeated-
measures ANOVA revealed a significant effect of time, but no significant effects of genotype or
an interaction between time and genotype. *, p < 0.05; **, p < 0.01, ***, p < 0.001. Untreated
(Df), n = 9; treated (Df_PV_hM4DGi), n = 6.

6.5 Rescue of licking behavior in Df(16)A+- mice performing a head-fixed spatial learning
task through modulation of VIP+ interneurons.

In a separate set of experiments, we investigated the role of VIP+ interneurons in a spatial
learning task in Df(16)A+- and WT mice. In the task, the head-fixed, water-restricted animal runs
on a treadmill with tactile cues and learns the location of a water reward relative to those cues.
Anticipatory licking (licking within a short distance of the upcoming reward ‘place’) is measured
as a readout of learning. The reward location stays the same for three days, and on day 4 it is
moved. The mouse then needs to find the new location and update his behavior. We paired this
task with calcium imaging in the stratum oriens and optogenetic manipulation of VIP+

interneurons (VIP+ INs) in dorsal CAL.
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Figure 6.8. Activation of VIP+ interneurons rescues anticipatory licking behavior in a goal-
oriented learning task in Df(16)A+- mice. A. Experimental set up. Mice were head-fixed on a
treadmill and given a lick port to obtain water rewards in the goal location. Example field of view
of VIP+ INs in stratum oriens using in vivo two-photon imaging and example AF/F traces in
relation to treadmill location. B. Top, task design. Bottom, mice learned a reward location over the
course of three days with three trials per day, and then on day 4 the reward location was moved.
Mice with ChR2 + stimulation learned the new location while mice with GFP + stimulation did
not. Y-axis is fraction of anticipatory licks near reward zone. (Figure courtesy of Dr. Gergely Turi

and Zhenrui Liao.)

Df(16)A+-, VIP-Cre+ mice with injections of either a flexed channelrhodopsin (ChR2)
virus or a flexed GFP virus targeted to dorsal CA1 were able to learn the initial reward location
during over the first three days (three trials per day). From day 4, the reward location was moved,
and laser light was delivered through bilateral optical fibers to all mice at the new reward location.

Df(16)A+- mice expressing ChR2 were able to learn the new reward location while the GFP-

expressing mice were not (Figure 6.8B).
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Calcium imaging of VIP+ INs during locomotion in WT and Df(16)A+/- mice revealed that
a greater proportion of Df(16)A+- VIP+ INs had a negative velocity cross-correlation in the DF
(Figure 6.9, blue downward traces) when compared to WT. This may be interpreted as general
VIP+ IN hypofunction in the Df(16)A+- mice during locomotion. Because PV+ INs can be
significantly inhibited by VIP+ INs, particularly in the presence of cholinergic stimulation of VIP+
INs, this could be consistent with the relative hyperfunction of PV+ INs we saw in Df(16)A+- mice
in the LFP (no reduction in gamma-amplitude upon learning) and our behavioral results (rescue of
learning when PV+ INs are inhibited during encoding). However, this comparison may be too far

a reach given how different the tasks at hand were.
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Figure 6.9. During locomotion, more VIP+ cells showed negative correlation with velocity in
Df(16)A+- mice as compared with WT mice. Cross-correlation analysis showing AF/F traces
relative to peak velocity (lag of 0 sec). Bar graphs show distribution of events with a AF/F peak at
a given lag from peak velocity (top) and distribution of correlations (sides). (Figure courtesy of
Dr. Gergely Turi and Zhenrui Liao.)
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Chapter 7: Discussion and Conclusions

Thus far, we have attempted to unwind a complex braid comprised of temporal association
memory, parvalbumin-positive interneurons, and the debilitating cognitive impairments of
schizophrenia. First, we explored what is known about the temporal dimension of episodic
memory, covering the psychology, anatomy, and functional correlates of temporal association
learning at the cellular, circuit, and behavioral levels. We introduced a behavioral model of
temporal association memory, trace fear conditioning, and argued for its ability to capture key
aspects of episodic memory. We also encountered a particular class of interneurons, PV+ INs, that
have several properties suggestive of a role in the formation of temporally extended memories.
Here we established a goal of furthering the construction of a bridge between the molecular and
systems-level mechanisms of episodic memory by developing and testing hypotheses about the
underlying circuit computations. Second, we examined the clinical aspects of schizophrenia with
an emphasis on the cognitive signs and symptoms. We reviewed several theories of the disorder’s
pathophysiology, and in the course of doing so, we re-encountered PV+ INs, learning that they
may play a pivotal role in the biology of the disorder. Here we set a goal of advancing our
understanding of the potential failures of PV+ INs in the compromised episodic memory seen in
schizophrenia.

Next, we described findings from experiments leveraging pharmaco- and opto- genetics,
local field potential recordings, and two photon calcium imaging in behaving mice learning an
association between temporally separate stimuli. These findings came from both wild-type and

Df(16)A+- mice and focused on the function, or lack thereof, of PV+ INs. Now it is our task to
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weave the disparate threads back together to draw insights from our findings and identify key

questions and experiments to pursue next.

7.1 Discrepant PV+ IN Dynamics in WT and Df(16)A+- Mice

In the Df(16)A+- mice, we observed a marked absence of the modulation of amplitude of
gamma frequency oscillations seen in WT mice. The major changes that were evident in the
gamma-range of WT mice were decreased amplitude for CS+, but not CS-, trials in the mid- to
fast-gamma band and an alignment of peak gamma-amplitude in the fast- band with the trough of
theta. The Df(16)A+- mice had a decrease in gamma amplitude only in the fast- band, and in this
band their peak amplitude was aligned with the peak of theta. Because gamma is largely dependent
on PV+ IN activity and reflects the fluctuation in voltage mainly of inhibitory cells, the results in
the WT may suggest a decrease in activity of the PV+ INs post-learning. This would be consistent
with a ‘low PV’ state post-learning, which would be inconsistent with the findings of other labs
who saw, after fear conditioning, a ‘high PV’ state. The lack of gamma band modulation across
days in the Df(16)A+- mice points to an inability of their PV+ INs to adapt based on recent
experiences. In contrast, modulation of SWR frequency and the distribution of SWR durations
were comparable in WT and Df(16)A+- mice. This pattern of disruptions is consistent with the
memory deficit being one of encoding, where theta and gamma oscillations predominate, rather

than consolidation, which is thought to rely on SWRs.

7.2 Partial Rescue of Trace Fear Conditioning in Df(16)A+- Mice through PV+ IN
Inhibition
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Inhibition of the PV+ INs in Df(16)A+- mice during the encoding phase of TFC
significantly improved conditioned responding to the tone CS, but it did not significantly impact
the conditioned responding to context. This underscores our initial observation that Df(16)A+/-
mice were impaired in trace fear conditioning at baseline but not in contextual fear conditioning.
The absence of any significant change in freezing to the conditioned context also argues that the
changes in freezing to the tone CS were not merely due to a generalized increase in anxiety or

immobility that might have been caused by remote inhibition of PV+ INs.

7.3 Bidirectional Modulation of Contextual Fear Memory through PV+ INs Manipulation

Though we did not set out to characterize PV+ IN activity during contextual fear
conditioning, and though our conditioning protocol was not precisely a contextual fear
conditioning paradigm, some observations regarding the context test data we collected are worth
noting. In WT mice, we incidentally found that inhibition of PV+ INs in dorsal CA1 during
encoding significantly enhanced freezing upon re-exposure to the conditioned context. In contrast,
potentiation of the activity of PV+ INs during encoding significantly diminished freezing to the
conditioned context. We did not see an effect on context test when we inhibited the PV+ INs of
WT mice during consolidation. Our findings may be inconsistent with the observations others have
made about the role of PV+ INs in contextual fear conditioning. For example, in experiments from
our own lab, inhibition of PV+ INs in dorsal CAlduring a head-fixed version of contextual fear
conditioning did not affect performance of the task whereas inhibition of somatostatin-positive
interneurons, CA1 pyramidal cells, or the lateral amygdala compromised lick suppression in the
conditioned context. The inconsistency might be explained by the differences in the task (freely-

moving vs. immobilized and simple association with one context vs. discrimination of two
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contexts) or by different degrees of inhibition between the two experiments (hM4D(Gi) vs. PSAM-
GlyR). The comparison reminds us that we should be cautious in comparing the results of the
freely-moving and head-fixed trace fear conditioning protocols used in above.

These findings also raise the following important question: Why did manipulation of PV+
INs in WT mice have an effect of contextual, but not trace, fear, while the same manipulation in
Df(16)A+- mice had an impact on trace, but not contextual, fear? This concern is not easily
explained away. However, one framework for thinking about the problem might be to consider
that the genetic lesion of the Df(16)A+.- mice is present from conception throughout development.
It is to be expected that the nervous systems of these mice will have adapted to compensate for
problems and that processing in the Df(16)A+/- brain may look very different from processing in
the uncompensated brain. Even if it is the case that a primary issue in the Df(16)A+/- mice can be
localized to PV+ INs in the hippocampus, ‘lesioning’ the brain through manipulation of PV+ INS
in adulthood is not tantamount to sustaining the lesion from early development. This underscores
the need for caution in interpreting studies using germline-mutation mouse models. We cannot
assume that the results we obtain from disrupting certain processes during adulthood will
necessarily translate into interventions we can apply to disease. Further, for illnesses that begin in
fetal life or during development, we should not expect that disease models based in what we know
about how the normal organism functions will necessarily apply straightforwardly to the

compensated system.

7.4 Limitations of the Evidence Presented and Plans for Future Work

Hindsight faithfully finds innumerable flaws in the way experiments were carried out.

Were we able to repeat all of the experiments described above, we would change several things,
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and these hopeful revisions highlight several caveats for the interpretation of our findings. First,
the control groups for our pharmacogenetic studies were almost never ideal comparisons. In all
but the experiment inhibiting PV+ INs during consolidation post-TFC, our controls had not
undergone viral injection nor received CNO. These experiments need to be repeated with control
mice who have been injected with an inert virus (e.g., encoding Cre-dependent tdTomato) and who
receive CNO at the same point in the TFC protocol as their comparison group. Another flaw in our
pharmacogenetic experiments consisted in the timing of the inactivation (or activation) of the PV+
INs. For the encoding trials, the time course of CNO distribution was likely too imprecise,
especially in light of its metabolism to clozapine, which is more slowly eliminated and a more
potent agonist of the DREADD receptors. A better strategy for investigating the nature of PV+ IN
involvement in memory encoding may be optogenetic manipulation during this epoch of
conditioning. Similarly, the time course of the delivery of CNO during consolidation may not be
broad enough with the single dose of the drug given immediately post-conditioning when
consolidation can take hours to weeks (though see Xia et al., 2017, in which the time window
required for an effect of CNO on consolidation was narrowed down to 24 hours post-conditioning).
Dissection of the role of PV+ INs may involve more prolonged administration of CNO. Better still
would be the development and testing of more specific hypotheses regarding the mechanism of
PV+ IN mediation of memory consolidation, for example, a closed-loop optogenetic manipulation
of PV+ IN activity upon the onset of SWRs.

Another major flaw in the work presented above is the divergence in behavioral protocols
used in the head-fixed and freely-moving tasks. Our freely-moving trace fear conditioning did not
include a second tone CS that was not associated with the aversive unconditioned stimulus, making

it impossible to control for the possibility of generalization of the fear to any auditory stimulus.
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Discrimination between two tones is a very different form of learning from making a relatively
simple association between tone and foot shock. Notably, we did attempt to implement a freely-
moving discriminative trace fear conditioning task without success. Since there was no advantage
to making the discrimination in the assay involving conditioned immobility—one did not lose out
on something as was the case in the lick suppression-based task (namely, water). The freely-
moving version of our protocol also did not involve reinforcement of the CS+ with continued post-
learning delivery of the foot shock. While we averaged the freezing measurement over the three
post-learning presentations of the tone CS, it remains difficult to correct for any extinction that
occurred over those trials. The most straightforward solution to these problems would be to use
the head-fixed task for all of the experiments.

An additional important caveat stems from the nature of the cognitive task we used in our
studies. Previous studies have noted that learning that is motivated by fear has the opposite effect
on the plasticity-state of PV+ INs in the hippocampus as learning that does not involve a stressful,

aversive stimulus (Donato et al., 2017)

7.5 Summary of Conclusions

e Our findings suggest that PV+ INs are exerting their major effect on complex association
learning during the encoding of new memories. This finding is in contrast to studies that
have supported the importance of PV+ INs during consolidation of fear memories, though
the two models are not necessarily incompatible.

e The improvement seen in trace fear conditioning performance in Df(16)A+.- mice following
pharmacogenetic inhibition of PV+ INs argues in favor the thesis that the deficits in

episodic memory that are present in schizophrenia are likely problems of encoding rather
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than consolidation. However, there are critical experiments that would need to be
completed to justify this conclusion.

We observed significant disruption in the fast gamma frequency oscillations in the mouse
models of schizophrenia during learning. The disruption pattern is consistent with the
memory deficit being one of encoding rather than consolidation.

Our results provide evidence for a significant contribution of PV+ IN dysfunction in the
genesis of episodic memory deficits in schizophrenia. Pharmacologic manipulation of PV+
IN excitability may be a promising avenue to pursue for the treatment of the cognitive

symptoms of this debilitating disorder.
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