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ABSTRACT

Genetically targeted anatomical and behavioral characterization of the

cornu ammonis 2 (CA2) subfield of the mouse hippocampus

Frederick L. Hitti

The hippocampus is critical for storing declarative memory, our repository of knowledge
of who, what, where, and when. Mnemonic information is processed and encoded in the
hippocampus through several parallel routes, most notably the trisynaptic pathway, in which
information proceeds from entorhinal cortex (EC) to dentate gyrus (DG) to CA3 and then to
CAL1, the main hippocampal output. Absent from this pathway is the CA2 subfield, a relatively
small area interposed between CA3 and CA1 that has recently been shown to mediate a powerful
disynaptic circuit linking EC input with CA1 output. Usually ignored or grouped together with
CA3, CA2 has generally escaped exploration presumably due to its relatively small size and

somewhat ill-defined borders.

A few studies have proposed an important role for the CA2 subfield of the hippocampus,
however, the relevance of this subfield in a behaving animal has not been explored. The function
of a particular brain region may be inferred by examining the effects of a lesion of that area.
Indeed, the hippocampus’s role in learning and memory was elucidated following the bilateral
medial temporal lobe ablation of Henry Molaison (patient H.M.). Similarly, a lesion of CA2

could be used to infer its role in learning, memory, and disease.



Due to the relatively small size of CA2, physical or chemical lesions are not precise
enough to ablate this region without collateral damage. To overcome this limitation, | generated
a CA2-specific transgenic mouse line to enable genetic targeting of this subfield. I used this
mouse line to map CA2 connectivity and explore its behavioral role. Using monosynaptic rabies
tracing, CA2 axon tracing, and electrophysiology, | confirmed the disynaptic pathway and
presence of septal and subcortical inputs to CA2. Genetically targeted inactivation of CA2
caused a remarkably profound loss of social memory, with no change in sociability. This
impairment was not the result of a general loss of hippocampal function as CA2-inactivation did
not impact performance on several other hippocampal-dependent tasks, including spatial and
contextual memory. These behavioral and anatomical results thus reveal CA2 as a hub of
sociocognitive processing and implicate its dysfunction in social endophenotypes of psychiatric

diseases such as schizophrenia and autism.
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Chapter 1

Introduction

The hippocampal formation is a brain region that is critical for various forms of learning
and memory (Squire, 1992). It consists of three parts: the dentate gyrus (DG), the hippocampus
proper, and the subiculum. According to current classification schemes based on initial studies
by Lorente de N0, the hippocampus proper is further subdivided into the CA3, CA2, and CA1
subregions, with CA1 providing the major hippocampal output. One of the most fundamental
challenges in determining the neural mechanisms by which the hippocampal formation encodes
memories is to characterize the nature of the hippocampal circuit and how it processes and
ultimately stores the sensory information it receives.

To date, most studies have focused on how information is processed by the hippocampal
formation through the classic trisynaptic pathway (Amaral and Witter, 1989). In this excitatory
pathway, neurons in layer 2 of the entorhinal cortex (EC) synapse onto DG granule cells, which
in turn synapse on to CA3 neurons by way of the mossy fibers (mf). CA3 then projects to CAl
through the Schaffer collaterals (sc), CAL projects to the subiculum (S), and the subiculum
projects back to the deep layers of the EC, thereby completing the cortico-hippocampal loop
(Figure 1.1).

Conspicuously absent from this circuit is the CA2 subfield. Usually ignored (van Strien et
al., 2009) or grouped together with CA3 (Amaral and Witter, 1989), CA2 has generally escaped
exploration presumably due to its relatively small size and somewhat ill-defined borders.
Nonetheless, several lines of evidence suggest that it may play a unique role in the hippocampal

circuit.



CA3

Figure 1.1: The trisynaptic circuit. The components of the main hippocampal circuit are
illustrated in this diagrammatic representation of the hippocampus.



1.1  Is CA2 truly distinct from CAl and CA3?

Characterization of hippocampal anatomy dates back to studies done by Ramén y Cajal
in the late 19" century (Ramén y Cajal, 1893). Cajal divided the CA region into two parts, “la
region inferior y la region superior del asta de Ammon” (the lower and upper blades of Ammon’s
horn). Lorente de NG, a student of Cajal, was the first to divide the CA region into four parts,
CA1-4, with CA1 and CA2 corresponding to Cajal’s lower blade and CA3 and CA4
corresponding to Cajal’s upper blade (Lorente de N6, 1934). This classification system provided
the nomenclature for hippocampal subfield anatomy currently used today (Figure 1.2, left),
although CA4 is no longer considered a separate region.

Lorente de N6 characterized the cells of the hippocampus in several species, including
mouse, primate, and human. He found that the fields of the CA region were remarkably
conserved throughout these species. The CA1-4 fields were defined as separate regions due to
differences in both the cytoarchitecture and the connectivity of the pyramidal cells located within
these fields. Using these criteria, he was able to clearly delineate a separate class of neurons
located between CA1 and CA3.

Unlike CAL neurons, the dendrites of CA2 and CA3 pyramidal cells do not ramify within
the stratum radiatum (SR). The somas of CA2 and CA3 pyramidal neurons are also much larger
than the somas of CA1 pyramidal neurons. CA2 differs from CA3 in several important ways.
First, while CA3 neurons are famous for their thick Schaffer collateral axons that project to CA1,
CAZ2 neurons never send out Schaffer collaterals. The axons of CA2 are most prominent in the
stratum oriens (SO) and SR. Second, CA2 cells do not possess the conspicuous “thorny
excrescences” of CA3 cells (Figure 1.2, right). Third, along with the absence of these thorns,

CAZ2 neurons receive little mossy fiber input from the DG granule cells. Fourth, the apical



dendrite of CA2 neurons splits into two branches very close to the soma whereas the apical
dendrite of CA3 neurons splits only after passing through the stratum lucidum.

The anatomical differences described by Lorente de N6 are not the only indicators that
CA2 is indeed unique and separate from CAL and CA3. Examination of the expression patterns
of various genes within the hippocampus demonstrates that many genes are expressed in CA2
but not in CA1 or CA3. Defining a neuronal population should include consideration of a variety
of elements including, but not limited to, anatomy, gene expression, electrophysiological
properties, and connectivity (Luo et al., 2008). CA2 differs from CAL and CA3 in all of these
respects (Lorente de N6, 1934; Lein et al., 2005; Chevaleyre and Siegelbaum, 2010).

CAl, CA2, and CA3 pyramidal neurons each possess a unique electrophysiological
profile. Indeed, these characteristics alone are suitable for differentiation of CA2 from CA1 and
CA3 (Table 1.1; Chevaleyre and Siegelbaum, 2010). Compared to CA1 neurons, CA2 neurons
have a lower input resistance, higher capacitance, lower resting potential, lower action potential
(AP) amplitude, shorter AP duration, and less sag (decreased Iy, current). Furthermore, CA2
neurons have a lower input resistance, increased capacitance, and shorter AP duration compared

to CA3 pyramidal neurons.
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Figure 1.2: The hippocampal subfields. Left panel, Drawing of a horizontal section through the
entorhinal cortex and hippocampus. Right panel, Drawing of a Golgi-Cox stain demonstrating
the cytoarchitectural differences between CA2 and CA3. The CA3 “thorny excrescences”
(arrowhead) are lacking in CA2. (Reproduced from Lorente de N6, 1934.)



Input
Resistance
M) (pF)
CAl1 107+10.7 170.1%+114
CA2 76.2+11.1 305.3+20.8

CA3 107.5+28.1 150.1+26.1

Capacitance

Resting
Potential
(mV)
719+1.2
75.3+1.0
74.4+0.8

AP
Amplitude
(mV)
953+1.8
848+1.6

84.4+4.4

AP Duration
(ms)
0.99 +0.03
0.78 £0.02
0.95 +0.03

Sag (mV)

8.4+0.3
41+0.2
43+0.4

Table 1.1: Electrophysiological properties of hippocampal pyramidal neurons. The

properties of pyramidal neurons in the CA1, CA2, and CAS3 subfields were measured with

whole-cell recordings in acute hippocampal slices. CA2 neurons differ from both CA1 and CA3

neurons in input resistance, capacitance, and action potential (AP) duration. (Adapted from

Chevaleyre and Siegelbaum, 2010).



Differences in gene expression between CA2 and CA1/CAS3 have been also documented
in the literature (Figure 1.3). These differences include enriched or restricted expression of
Cacng5 (Fukaya et al., 2005), STEP (Boulanger et al., 1995), TREK-1 (Talley et al., 2001),
adenosine Al receptors (Ochiishi et al., 1999), calbindin (Leranth and Ribak, 1991),
chromogranin A (Munoz, 2004), RGS-14 (Lee et al., 2010), a-actinin-2 (Wyszynski et al.,
1998), NT-3 and pcp-4 (Zhao et al., 2001), FGF-2 (Goémez-Pinilla et al., 1994), Tiam1 and
Mapk3 (Lein et al., 2004). The molecular profile of CA2 is unmistakably distinct from that of the
other CA subfields.

Along with genetic, anatomic, and functional differences between CA2 and CA1/CA3,
the CA2 subfield has also been implicated in various disease processes including temporal lobe
epilepsy (Wittner et al., 2009; Andrioli et al., 2007), schizophrenia, and mood disorders (Benes
and Todtenkopf, 1999; Benes et al., 1998). Temporal lobe epilepsy is often associated with
hippocampal sclerosis, which is characterized by neuronal cell loss in the CA region. The
pyramidal cells of CA2 are resistant to this cell death (Table 1.2; Andrioli et al., 2007).
Similarly, CA2 neurons exhibit increased survival following ischemic insults (Sadowski et al.,
1999). Studies from resected human hippocampi have demonstrated that the surviving CA2 cells
are capable of generating epileptiform activity independent of the subiculum (Wittner et al.,
2009). In patients with schizophrenia and bipolar disorder, loss of parvalbumin-positive
interneurons located in the pyramidal layer of CA2 has been documented (Table 1.3; Benes et

al., 1998).



Figure 1.3: Molecular markers of CA2. Many genes are expressed exclusively, with respect to
the hippocampus, in CA2. a, RGS14 protein expression in the mouse brain is largely restricted to
CAZ2 (Adapted from Lee et al., 2010). b, In situ hybridization showing Pcp-4 mRNA expression
in CA2 and DG (Adapted from Zhao et al., 2001). ¢, CA2 neurons strongly express the
adenosine Al receptor (Adapted from Ochiishi et al., 1999). d, The a-actinin-2 protein is
enriched in CA2 neurons (Adapted from Wyszynski et al., 1998).



3 . .
Neuron Density (neurons/mm ) Non-sclerotic Sclerotic P

DG (polymorphic) 64334386 3907283 <0.01
CA4 95114565 7240+489 <0.01
CA3 17468785  9726+748 <0.01
CA2 18700£946 164574648 N.S.
CAl 111514374 52274289 <0.01

Table 1.2: CA2 neuron density in hippocampal sclerosis. CA2 neurons are resistant to the cell
death seen in hippocampal sclerosis (Adapted from Andrioli et al., 2007).



CAl CA2 CA3 CA4
Control 18.7+1.8 93+1.2 199+26 16927
Schizophrenic 17.6 £3.3 18.4+3.9 219+33 245%74
Manic depressive 253 +5.2 19.1+438 379+114 236%7.8

Table 1.3: Ratio of pyramidal to non-pyramidal neurons in schizophrenic and manic
depressive brains. The ratio of pyramidal neurons (PNs) to non-pyramidal neurons (NPs) is
increased in the CA2 subfield of brains obtained from schizophrenic and manic depressive

patients suggesting a selective loss of parvalbumin-positive interneurons in CA2. (Adapted from
Benes et al., 1998).
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1.2 Reexamining the circuitry of the hippocampus

Circuit analysis of the hippocampus has focused on the trisynaptic pathway and the direct
perforant path input to CA1 from layer 3 of the EC. Several studies, most notably (Chevaleyre
and Siegelbaum, 2010), have demonstrated that CA1 receives input from not only CA3 and layer
3 EC, but also from CA2. Optical imaging with a voltage-sensitive dye following mossy fiber
stimulation revealed an increased signal in CA3 then CA2 and finally in CAL1, giving evidence
fora CA3 > CA2 - CAL circuit (Sekino et al., 1997). In addition to this circuit, Bartesaghi and
colleagues postulated an EC - CA2 - CAL1 circuit based on recordings of extracellular field
potentials in CA2 following stimulation to the dorsal psalterium (Figure 1.4, Bartesaghi and
Gessi, 2004). Furthermore, their data also suggested that CA2 and the DG were more effectively

driven by the EC compared to CA3 and CAL1 (Bartesaghi et al., 2006).

11



®
ER : LR
| »
CA2 O |
]
N
A
CA3 -
>
s £
N
CA1

5ms

Figure 1.4: Responses evoked in field CA2 by stimulation of the dorsal hippocampal
commissure. An early response (ER) and late response (LR) are observed in CA2 following
stimulation of the dorsal psalterium. The latency and current source-density (CSD) analysis (not
shown) of the early response suggests that it is a result of EC perforant path input onto CA2. The
late response is likely a result of CA3 input to CA2. (Adapted from Bartesaghi and Gessi, 2004).
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To further examine CA2’s contribution to the hippocampal circuit, recent studies in the
Siegelbaum lab have employed whole-cell recordings from acute hippocampal slices
(Chevaleyre and Siegelbaum, 2010). They demonstrated that the CA2 subfield plays an
important role in forming a di-synaptic circuit between the EC and CA1, confirming the findings
of Bartesaghi and colleagues. Robust excitatory postsynaptic potentials (EPSPs) were measured
in CA2 neurons following stimulation of layer 2 EC axons with the stimulating electrode placed
in the molecular layer of the DG (Figure 1.5). Furthermore, these responses were greater in CA2
pyramidal neurons compared to the responses measured in CA3 neurons. Since these inputs are
targeted to the distal dendrites of CA2 neurons, this suggests that CA2 neurons have unique
dendritic integration properties that allow for robust responses to distal input (Piskorowski and
Chevaleyre, 2012). Several mechanisms, that are not mutually exclusive, could support robust
distal input as measured in the cell soma. CA2 neurons may receive a greater number of PP
inputs or express a greater number of glutamate receptors in the distal dendritic compartment
compared to CA3 neurons. Alternatively (or additionally), the dendrites of CA2 neurons may
possess passive properties that enhance propagation of distal EPSPs to the soma. Finally the
active properties of CA2 dendrites may enable them to amplify distal EPSPs by generating
dendritic spikes that propagate to the soma.

In addition to strong excitation by their EC inputs, CA2 neurons make strong connections
with CA1 neurons. This was elegantly demonstrated by paired whole-cell recordings (Figure 1.6;
Chevaleyre and Siegelbaum, 2010). Previous paired recordings between CA3 and CA1 neurons
showed two peaks in the excitatory postsynaptic current (EPSC) amplitude histogram. One peak
was centered at 0 pA, and represents failures of a presynaptic action potential to elicit a

postsynaptic response, presumably due to a failure to release glutamate. The second peak, at

13



around -4 pA, represents trials where the presynaptic action potential succeeded in eliciting a
postsynaptic response. The finding that there was only a single peak of successes, whose
amplitude was similar to that of a miniature excitatory synaptic current suggested that a single
CAZ3 neuron makes only a single synapse with a given postsynaptic CA1 neuron, and that
synapse releases at most a single quantum of transmitter (Bolshakov and Siegelbaum, 1995). In
contrast, Chevaleyre and Siegelbaum (2010) found that the EPSC amplitude histogram
determined with paired CA2 and CAL1 recordings showed up to 6 peaks, a peak of failure and 5
peaks in the distribution of successes. This suggests that CA2 neurons either make multiple
synapses with a single CA1 neuron or that multiple quanta are released from one site. Both
possibilities would result in more effective transmission between CA2 and CA1 compared to
transmission between CA3 and CAL. Although fewer in number than CA1 or CA3 neurons, CA2

neurons certainly appear to play an integral role in the hippocampal circuit.

14
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Figure 1.5: CA2 receives input from layer 2 of the entorhinal cortex. a, Whole-cell

recordings of CA2 neurons revealed robust EPSPs in response to stimulation of layer 2

entorhinal axons with a stimulation electrode placed in the middle molecular layer of the DG.

With inhibition blocked (PTX/CGP) a polysynaptic response was observed (arrow), presumably

due to activation of CA2 from input from the EC L2 - CA3 >

CA2 pathway. When mossy

fiber transmission was blocked with DCG-1V, the polysynaptic response was abolished. b, The

EPSPs in response to stimulation of layer 2 EC axons were significantly greater in CA2

pyramidal neurons compared to CA3 pyramidal neurons. (Adapted from Chevaleyre and

Siegelbaum, 2010).
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Figure 1.6: Paired recordings reveal strong connections between CA2 and CA1 neurons. a,
Histogram of excitatory postsynaptic current (EPSC) amplitudes measured in a CA1 neuron after
firing an action potential in a connected presynaptic CA2 neuron. The histogram reveals 5 peaks,
indicating either multiquantal release from one synapse or coordinated release at multiple
synapses onto the same postsynaptic target. Inset, example traces. b, While the EPSC failure rate
of CA2 > CAL synapses was similar to the failure rate for CA3 > CAL synapses, the potency
of the CA2 - CA1 EPSCs was much greater than the potency of the CA3 - CA1 EPSCs
suggesting that the CA2 - CA1 connection is stronger than the CA3 - connection. (Adapted
from Chevaleyre and Siegelbaum, 2010).
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1.3 The role of the hippocampal formation and its subregions in learning

and memory

Memory is commonly subdivided into two categories, declarative (explicit) memory and
non-declarative (implicit) memory. Non-declarative memory includes priming and procedural
learning (habits and skills). These are memories that do not involve the conscious recollection of
information. Conversely, declarative memory involves conscious recollection of facts (semantic
memory) or events (episodic memory). Studies done in rodents and primates have demonstrated
that the hippocampus is essential for declarative memory and dispensable for implicit memory
(Squire, 1992). More recent studies have focused on determining whether specific subregions of
the hippocampal formation play specific and selective roles in memory formation, consolidation
and recall.

The function of a particular brain region may be inferred by examining the effects of a
lesion of that area. Indeed, the hippocampus’s role in declarative memory was elucidated
following the bilateral medial temporal lobe ablation of Henry Molaison (patient H.M.) (Squire,
1992). Much more precise lesions are required to determine the function of individual
components of the hippocampal circuit. The mouse is an excellent model system for making
precise, genetic lesions because of the relative ease of transgenesis. Additionally, many
behavioral tests are available for the study of hippocampal-dependent learning and memory.
Hence, the mouse is ideal for the study of genetic lesions of the hippocampus.

Declarative memory includes spatial, contextual, and social memory. Spatial memory
includes a representation or map of an animal’s environment and locations of objects within that
environment. This form of memory is essential for the navigation of animals through their
environment. The hippocampus has received much attention as a brain region critical for spatial

17



memory particularly following the discovery of “place cells” (cells that fire at specific locations
in an animal’s environment) throughout the hippocampus (Bird and Burgess, 2008). Contextual
memory, similar to spatial memory, encodes information about an animal’s environment. While
spatial memory is often considered as the repository of a map of an animal’s environment for
navigation, contextual memory is more often described as the binding of multimodal sensory
information (olfactory, visual, auditory) that could be used to identify the context in which a
salient event may have occurred (Chun and Phelps, 1999). Lastly, social memory is defined as
the memory of individual conspecifics. This form of memory has also been shown to be
mediated by the hippocampus (Kogan et al., 2000).

These types of memory can be readily assayed in mice. Spatial memory in rodents is
most commonly assayed with the Morris water maze test (Morris et al., 1982; Squire 1992). In
this test, a mouse learns to use distal cues to navigate to a hidden platform. Contextual memory
is often assayed with contextual fear conditioning (Gewirtz et al., 2000; Squire 1992). In this
task, a mouse is given a brief electrical shock in a chamber. Subsequently, the mouse learns to
associate that context (the conditioning chamber) with an aversive, fearful stimulus (shock).
Mice demonstrate freezing behavior (lack of all movement save for respiration) upon recognition
of the conditioned context. Hence, contextual memory is assessed as time spent freezing. Finally,
social memory, the ability of a subject to remember other individuals, can be assayed by the 3-
chamber and direct interaction tests. In the three-chamber test (DeVito et al., 2009), social
memory is assessed by the increased time a subject mouse spends interacting with a novel
unrelated mouse present in one chamber compared to the time it spends interacting with a
familiar co-housed littermate present in another chamber. In the direct interaction test (Kogan et

al., 2000), a subject mouse is first exposed to an unfamiliar mouse in trial 1. After a 1h inter-trial

18



interval (IT1), the subject mouse is exposed either to a second unfamiliar mouse or re-exposed to
the same mouse encountered in trial 1. When a novel mouse is introduced in trial 2, mice will
exhibit similar social interaction times for the two trials. However, when subjects are re-exposed
to the stimulus mouse initially encountered during trial 1, mice with intact social memory will
spend less time exploring the stimulus animal in the second trial. Hippocampal lesion studies
have demonstrated that the hippocampus is essential for spatial, contextual, and social memory
as assayed by the aforementioned tests (Morris et al., 1982; Gewirtz et al., 2000; Kogan et al.,
2000; Squire 1992).

The CAL subfield is the main output of the hippocampus (Figure 1.1; van Strien et al.,
2009). Therefore, specific genetic lesions of CA1 are expected to produce a phenocopy of a
traditional hippocampal ablation. Indeed, knockout of the NMDA receptor, which is thought to
be essential for synaptic plasticity and learning, in CA1 resulted in a loss of spatial memory as
assayed by the Morris water maze task (Tsien et al., 1996). Furthermore, later experiments with
these knockout mice demonstrated that the knockouts were also deficient in various non-spatial
hippocampal-dependent learning and memory tasks including contextual fear conditioning and
social transmission of food preference (Rampon et al., 2000). These experiments support the role
of CALl as the major output subfield of the hippocampus, because the knockout mice
demonstrated deficits in all of the hippocampal-dependent tasks tested. Hence, disruption of CAl
plasticity did, in fact, phenocopy traditional hippocampal ablation.

CA3 is a critical component of the trisynaptic pathway (Figure 1.1; van Strien et al.,
2009) and provides input to CAL. Ablation of output from CA3 to CAL, by the selective
expression of tetanus neurotoxin (TeNT) in these neurons, has been performed by the Tonegawa

lab (Nakashiba et al., 2008). Surprisingly, they found no deficit in Morris water maze
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performance in the lesioned animals. In contrast, a loss of contextual fear memory, another
hippocampal-dependent task, was observed in the lesioned animals (Figure 1.7). Fear memory
was assayed by measuring the amount of time the mouse spent freezing, which is defined as the
absence of all movement except respiration. The greater the freezing levels, the more robust the
fear memory. The CA3-inactivated group had significantly decreased levels of freezing
compared to the control group (Figure 1.7). Additionally, CA1 place fields were larger in the
lesioned animals only in a novel context. In familiar environments, the place fields in CA1 of the
lesioned group matched those of the control group. These selective deficits were surprising
because CA3 is an integral component of the trisynaptic circuit. The authors suggested that the
perforant path input to CA1 (EC layer 3 - CA1) compensated for the absence of CA3 input.
However, in vitro studies have demonstrated that the perforant path input to CA1 produces a
weak effect at the soma (Chevaleyre and Siegelbaum, 2010; Golding et al., 2002). In light of
recent findings from the Siegelbaum lab, the parallel disynaptic circuit mediated by CA2 seems
like a more likely candidate for this compensation. In this thesis I use genetic ablation of CA2 to

address this hypothesis.
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Figure 1.7: CA3 inactivation abolishes contextual fear memory. Left, percent freezing during
the 5 minute memory retrieval session plotted as 1 minute bins. The transgenic (TG) CA3-
inactivated group displayed significantly lower levels of freezing than the control group (CT)
throughout the entire session. Right, freezing levels averaged over the 5 minute session. The

CAZ3-inactivated group (TG) spent significantly less time freezing than the control (CT) group.
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The dentate gyrus (DG) is a unique region of the hippocampus that exhibits adult
neurogenesis. Hence, new neurons are generated and incorporated into the hippocampal circuit in
adulthood in this subregion (Altman and Das, 1965; Eriksson et al., 1998). To study the function
of the DG in learning and memory, old granule cells (those born before adulthood) were
inactivated by the expression of TeNT in these neurons (Nakashiba et al., 2012), and young
granule cells (those born during adulthood) were ablated by x-ray irradiation. Nakashiba and
colleagues found that the old granule cells were essential for efficient pattern completion (the
ability to recall a memory based on incomplete information) while the young granule cells were
required for pattern separation, or the distinction between two similar contexts. This was
surprising because DG had long been hypothesized to mediate pattern separation while CA3 had
been proposed to mediate pattern completion. The authors have suggested that the old granule
cells recruit pre-existing CAS3 attractor states, while the young granule cells aid in the generation
of novel CAS3 attractor states.

In addition to CA1, CA3 and DG, genetic inactivation of layer 111 of entorhinal cortex
(EC3) has also been performed (Suh et al., 2011). EC3 projects to the distal dendrites of CAL. In
this study, the authors found that these inputs were essential for temporal associational memory
as assayed by trace fear conditioning. In this task, mice are presented with a tone, and then
following a short delay (trace interval), a shock is delivered. Without the trace interval, this form
of learning is simple auditory fear conditioning that is dependent on the amygdala and not the
hippocampus. With a trace interval interposed between the conditioned stimulus (CS) tone and
the unconditioned stimulus (US) shock, the task becomes hippocampal dependent. Hence, the
hippocampus is required to bind events that are not contiguous in time. Interestingly, while CA3-

inactivation abolishes contextual fear memory (Figure 1.7), it does not impair trace fear
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conditioning. Therefore, temporal associational memory is likely mediated by the direct EC

inputs to CA1.

1.4  The anatomy and function of CA2

Although there have been no studies that directly address the role of CA2 in
hippocampal-dependent learning and memory, clues as to its potential role have come from an
analysis of CA2 circuitry and molecular characteristics. Previous studies have investigated the
circuitry of CA2 (Cui et al., 2013; Haglund et al., 1984; Kiss et al., 2000; Magloczky et al., 1994;
Vertes 1992; Vertes et al., 1999) using dyes and chemical tracers. These studies have shown that
CAZ2 receives input from both subcortical and cortical nuclei including layer 2 of the entorhinal
cortex, paraventricular nucleus (PVN) of the hypothalamus, the medial septum, the vertical and
horizontal limbs of the nucleus of diagonal band of Broca (NDB), the supramammillary nucleus
(SUM), and the median raphe nucleus (MRN).

The major output of CA2 is to CA1 (Cui et al., 2013; Chevaleyre and Siegelbaum, 2010).
CA2’s axons ramify in stratum oriens (so) and stratum radiatum (sr) (Figure 1.8). Previous work
has also identified several extrahippocampal targets of CA2. Cui and colleagues observed
outputs to SUM, medial and lateral triangular septum nuclei and the vertical and horizontal limbs
of the diagonal band of Broca.

Furthermore, a recent study using genetically targeted rabies tracing has demonstrated
output of CA2 to EC2 (Rowland et al., 2013). CA1 provides the major output of the
hippocampus to the deep layers of the EC (Figure 1.1). The finding of a connection between
CA2 and EC2 is particularly intriguing because such a connection would provide for an alternate

route of hippocampal information output.
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One hint as to the function of CA2 comes from the observation that CA2 neurons express
high levels of the vasopressin 1b receptor (AVPR1B) for the hormone arginine-vasopressin,
which has been implicated in social behavior (Young et al., 2006). Avprlb knockout mice have
been generated and the behavioral effects of loss of this receptor have been studied (Wersinger et
al., 2002; DeVito et al., 2009). Whole-brain knockout of the vasopressin 1b receptor resulted in
reduced aggression, impaired social recognition, and impaired detection of temporal order
(Wersinger et al., 2002; DeVito et al., 2009). While these studies suggested an important role of
CAZ2 in mediating social behavior, they could not definitively assign these functions to CA2
because even though AVPR1B is heavily expressed in CA2, its expression is not limited to this
subregion (Young et al., 2006). Furthermore, the reduced aggression phenotype has not been
observed in animals with hippocampal ablations, thus pointing to an extra-hippocampal
explanation for some of these findings.

RGS14 is another protein that is heavily expressed in CA2 (Lee et al., 2010). Knockout
of this protein resulted in increased long term potentiation (LTP), an electrophysiological
correlate of learning, in CA2 neurons. Moreover, knockout of RGS14 resulted in quicker
learning of the Morris water maze task (Lee et al., 2010). These results indicate that RGS14 may
serve to limit plasticity in CA2, and that CA2 may be involved in spatial learning and memory.
However, like the AVPR1B knockout described above, the RGS14 knockout resulted in loss of
the protein throughout the entire brain. Hence, the phenotype observed may have resulted from a

loss of RGS14 in areas outside of the hippocampus.
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CAl

Figure 1.8: Output of CA2. A schematic of the hippocampus with CA2’s axons drawn in green.
The major projection of CA2 is to CAL. The axons of CA2 largely ramify in stratum oriens (so)
and stratum radiatum (sr). Stratum pyramidale (sp) and stratum lacunosum moleculare (slm) are

also demarked for reference.
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1.5 Aims of the thesis

In this chapter, I have introduced the hippocampus, its anatomy, and one of its
substituents, the CA2 subfield. In Chapter 2, | detail the generation of a transgenic mouse line
that allows genetic targeting of this subfield. Genes that are endogenously expressed exclusively
in CA2, with respect to the hippocampus, will be described. Details of the transgenic Cre
construct and targeting strategy will be outlined. Lastly, demonstration of the CA2-specificity of

the line will be illustrated through the use of Cre-dependent vectors.

Chapter 3 addresses the use of the CA2-Cre mouse line for genetically targeted
anatomical investigation of this area. A Cre-dependent vector that carried the enhanced yellow
fluorescent protein (eYFP) gene was used to express eYFP in the axons of CA2 to illuminate the
output areas of CA2. To characterize the inputs to CA2, a modified rabies virus was injected into
the hippocampus of the CA2-Cre mice. The rabies virus was transcomplemented with a Cre-
dependent Adeno-associated virus (AAV) vector. This strategy resulted in monosynaptic,

retrograde labeling of the inputs to the Cre-positive CA2 cells.

To study the in vivo relevance of CA2, a genetic inactivation of this region was
performed as further detailed in Chapter 4. Briefly, a Cre-dependent viral vector was used to
express tetanus neurotoxin (TeNT) in CA2, thus abolishing CA2 output. A battery of behavioral
tests were conducted on the CA2-inactivated mice to determine the in vivo role of this subfield. |

demonstrate the critical role of this subfield for mediating social memory.

| draw conclusions from the findings presented in this work in Chapter 5 and describe
potential future directions. The final chapter details the methods used to obtain the data described

in Chapters 2-4.
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Chapter 2

Generation of a CA2-specific transgenic mouse line

2.1 Introduction

The mouse is an excellent model system for genetic manipulation because its genome has
been fully sequenced (Mouse Genome Sequencing Consortium et al., 2002), a large number of
cDNAs have been published (Kawai et al., 2001), and a vast array of bacterial artificial
chromosome (BAC) libraries are available (Osoegawa et al., 2000). With the use of cell type-
specific promoters, expression or deletion of virtually any gene may be directed to selected cell

populations (Utomo et al., 1999).

A very versatile tool for cell type-specific gene ablation or expression is a transgenic
mouse line that expresses Cre recombinase under the control of a restricted promoter (Utomo et
al., 1999). Cre recombinase is an enzyme that mediates site-specific recombination between 34
bp loxP sites. Depending on the orientation of the loxP sites, a genome segment may be excised
or inverted. Therefore, Cre-mediated deletion of a gene would entail crossing a Cre line with
another line that contains a floxed (flanking loxP sites) target gene. The converse, selective
expression of a gene, would require a floxed stop cassette upstream of the gene. A newer, less
leaky method for Cre-dependent expression of a gene is the flip-excision (FLEX) system
(Schnutgen et al., 2003). In this system, two sets of incompatible loxP sites flank an inverted
open reading frame (ORF). Cre will first flip the ORF using one set of loxP sites and then use the

second set of loxP sites to excise two of the four loxP sites. The result is stable placement of the
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OREF in the correct orientation in Cre-positive cells alone. The ORF will remain inverted in Cre-

negative cells (Figure 2.1).
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Figure 2.1: The FLEX system for Cre-dependent expression of genes. The inverse open
reading frame (ORF) is flanked by incompatible loxP sites (yellow and teal triangles). In the
first, reversible step the ORF is flipped in the correct orientation by Cre-mediated recombination
at the yellow loxP sites (left) or at the teal loxP sites (right). Cre then either flips the construct
back or excises two of the loxP sites. The result is placement of the ORF in the correct

orientation only in Cre-positive neurons.
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2.2 Genes expressed selectively in CA2

Creating a cell type-specific Cre mouse line first involves the identification of an
endogenous gene that is expressed selectively in the cell population wished to be studied. The
advent of the BGEM atlas (Magdaleno et al., 2006) and the Allen brain atlas (Lein et al., 2007)
has greatly facilitated this process. These atlases detail the mRNA expression of nearly every
gene in the mouse genome. Using these atlases and the available literature, | identified several
genes that were expressed exclusively in CA2 with respect to the hippocampus. This list of
candidate genes was pared down by selecting only those genes that produced faithful expression
in the GENSAT brain atlas (Gong et al., 2003). The GENSAT project creates and characterizes
mouse lines that express eGFP under the control of a BAC. For reasons that will be elaborated
below, | have chosen to generate a BAC transgenic Cre line. Consequently, ensuring that a BAC
containing the candidate gene could recapitulate the endogenous pattern of expression was of
paramount importance. The candidate genes that met the aforementioned criteria were Amigo2

(Figure 2.2) and Cacngb, also known as the y-5 TARP (Figure 2.3).
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Figure 2.2: Amigo2 expression in the mouse brain. a, In situ hybridization demonstrating
CA2-specific expression of Amigo2 mRNA. (Adapted from Lein, 2007). b, GFP expression
driven by an Amigo2-GFP BAC transgenic mouse is largely restricted to CA2. There is also faint
expression in mossy cells located in the hilus of the DG. (Adapted from Heintz, 2003).
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Figure 2.3: Cacng5 expression in the mouse brain. a, In situ hybridization from the BGEM
atlas demonstrating CA2-specific expression of Cacng5 mRNA. The white box indicates the
location of the hippocampus (Adapted from Magdaleno et al, 2006). b, In situ hybridization from
the Allen Brain Atlas demonstrating expression of Cacng5 restricted to CA2. (Adapted from
Lein, 2007). ¢, GFP expression driven by a Cacng5-GFP BAC transgenic mouse is largely

restricted to CA2. (Adapted from Heintz, 2003).
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2.3 BAC transgenesis

Generation of a cell type-specific Cre mouse line may be accomplished in one of three
ways: traditional transgenic, BAC transgenic, and targeted mutation. Both the traditional
transgenic and BAC transgenic approaches involve the production of a DNA construct that is
injected into the pronuclei of embryos that are then implanted into pseudopregnant females. The
DNA integrates randomly into the genome, and as such, it is prone to insertional effects. (The
DNA surrounding the integration site may alter expression of the transgene.) Targeted mutations
involve the generation of a DNA construct, followed by recombination in embryonic stem (ES)
cells, which are then injected into blastocysts to produce chimeric mice. These chimeras must
then be bred to produce transgenic founders. Generating a mouse line with a targeted mutation is
much more time consuming than generating a traditional or BAC transgenic line. The advantage
of a targeted mutation is that it is the most effective means of recapitulating the expression of an
endogenous gene. While a BAC transgenic does not work as reliably as a targeted mutation, it is
much more effective than a traditional transgenic. Traditional transgenic approaches use
constructs that are relatively small (~10 kb), so the promoter they use to drive transgene
expression is approximately several kb. Finding these promoters is usually an empirical process
that is unreliable. BAC constructs, on the other hand, are much larger (~200 kb). They are less
prone to insertional effects because they contain more of a “buffer” region surrounding the
integration site. Furthermore, their large size allows for, in the majority of cases, inclusion of an
entire gene. As a result, the transgene can be driven by not just a promoter, but by all of the
regulatory elements of the gene including putative enhancers and repressors. The BAC

transgenic approach is therefore a good compromise between expression fidelity and cost.
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The large size of BACs makes traditional cloning techniques impossible. To create the
BAC constructs, | used the galK selection system in conjunction with A Red-mediated

homologous recombination (Figure 2.4; Warming et al., 2005).

I chose this method because the galK cassette permits both positive and negative
selection. This enables seamless changes (no selection cassettes left behind) to be made to the
BAC. A PCR product was generated that contained, in order, homology arm 1, the Cre ORF,
HSV polyA, and homology arm 2. The homology arms were selected so that the Cre ORF would

be inserted precisely at the start codon of the candidate gene contained on the BAC.

The modified BACs were then sequenced and a Spel restriction digest was done to
confirm that no intramolecular rearrangements had occurred (Figure 2.5). 3 recombinants (shown
in lanes 4, 5, and 12) matched the expected digest pattern. The digest patterns of these
recombinants were identical to the digest pattern of the unmodified BAC (shown in lane 2),
except for the band marked with the arrow. This part of the BAC contained the recombination
site, and thus the band appears higher on the gel for the recombinants (marked with arrows) due
to the addition of the Cre-HSV-polyA cassette. The Amigo2-Cre and Cacng5-Cre BAC
constructs were injected into embryos and implanted into pseudopregnant females by the

transgenic mouse core facility at the Irving Cancer Research Center at Columbia.
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Figure 2.4: Recombineering strategy to create the BAC construct. Generation of CA2-Cre
mouse line. A Red-mediated homologous recombination with galK positive and negative
selection was used to make seamless changes to the bacterial artificial chromosome (BAC). PCR
cassettes shown in orange, and Amigo2 locus shown in blue. The PCR cassette contained two
homology arms (H1, 58nt; H2, 62nt) that flanked the galactose kinase (galK) cassette. The
homology arms flanked the Amigo2 start codon. Recombination followed by positive selection
was used to obtain the galK integrate. Recombination of the modified BAC with a PCR cassette
containing the Cre open reading frame (ORF) and polyA (PA) flanked by the same homology

arms yielded the final BAC used to generate the transgenic lines.



Figure 2.5: Fingerprinting analysis of Amigo2-Cre BAC DNA. A 1 kb ladder (L) was loaded
in the first lane. Lane 2 was loaded with a Spel digest of the unmodified Amigo2 BAC. Lanes 3-

14 are Spel digests of BAC DNA obtained from individual Amigo2-Cre BAC recombinants. The
recombinants shown in lanes 4, 5, and 12 matched the digest pattern of the unmodified BAC
shown in lane 2, except for the band marked with the arrow. This part of the BAC contained the
recombination site, and thus the band appeared higher on the gel for the recombinants (marked

with arrows) due to the addition of the Cre-HSV-polyA cassette.
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2.4  CAZ2-specificity of the transgenic lines

6 Amigo2-Cre founders and 5 Cacng5-Cre founders were generated as determined by
PCR amplification of Cre from DNA obtained from tail biopsy of the offspring produced by the

females implanted with the BAC-injected embryos.

To test the Cre expression patterns of the founders, the various Cre lines were crossed to
the Ail4 reporter line generated by the Allen Institute (Madisen et al., 2010). This line contains,
in the Rosa26 locus, a floxed stop cassette upstream of the fluorescent reporter protein tdTomato.
This fluorescent protein will only be expressed in Cre-positive cells. Expression of tdTomato in
the adult brain, however, does not necessarily reflect the Cre expression pattern in the adult. If
Cre is transiently expressed during development, the stop cassette will be excised and tdTomato
will be expressed for the lifetime of that cell. To get a readout of adult Cre expression, | injected
a Cre-dependent AAV reporter virus (CAG-FLEx-eGFP-WPRE-bGH polyA or EFla-FLEX-
eYFP-WPRE-hGH polyA) generated by the UPenn or UNC vector cores into the dorsal
hippocampus of mice from a cross between a founder line and the Ail4 tdTomato reporter line

(Figures 2.6, 2.7). A summary of the findings is shown in Table 2.1.

The Amigo2-Cre-1 line demonstrated tdTomato expression in CA1, CA2, and DG,
however injection of a Cre-dependent fluorescent reporter AAV revealed CA2-specific
expression (Figure 2.6a). The Amigo2-Cre-2 line displayed sparse tdTomato expression scattered
throughout the hippocampus including in CA1, CA2, CA3, DG, and interneurons situated in sim.
Injection of a Cre-dependent fluorescent reporter AAV revealed similarly scattered expression
(Figure 2.6b). The third and sixth Amigo2-Cre founder lines did not produce any Cre-positive

offspring. The Amigo2-Cre-4 founder line exhibited tdTomato expression in CAl, CA2 and DG
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(Figure 2.6¢). While strong CA2 labeling was observed in this line following injection of a Cre-
dependent fluorescent reporter AAV, expression in CA1 was also observed (Figure 2.6c¢).
Finally, no tdTomato expression was observed in the Amigo2-Cre-6 founder line suggesting that

the Cre protein was not expressed in this line.

Of the 5 Cacng5-Cre founders generated, none produced CA2-specific expression of Cre.
Injection of a Cre-dependent fluorescent reporter AAV revealed Cre expression in EC, CA2,
CA3, and interneurons scattered throughout the hippocampus. The Cacng5-Cre-2 founder line
demonstrated weak CA1, CA2, and DG expression. The Cacng5-Cre-3 founder line did not
demonstrate any expression of the fluorescent reporter suggesting that the Cre protein was not
expressed in this line. The Cacng5-Cre-4 founder line demonstrated robust CA2 expression, but
also weak expression in interneurons scattered throughout the hippocampus (Figure 2.8b).
Finally, the Cacng5-Cre-5 founder line did not show hippocampal Cre expression. Instead,

expression was observed in layers 2 and 3 of EC (Figure 2.9).
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Founder Line  Expression Pattern
Amigo2-Cre-1 Restricted CA2 expression in the adult brain (Figure 2.6a)
Amigo2-Cre-2  Aberrant Cre expression (Figure 2.6b)
Amigo2-Cre-3  No germline transmission of Cre
Amigo2-Cre-4  Aberrant Cre expression (Figure 2.6¢)
Amigo2-Cre-5 No Cre activity (no tdTomato expression)
Amigo2-Cre-6  No germline transmission of Cre
Cacng5-Cre-1  Aberrant Cre expression (Figure 2.7)
Cacng5-Cre-2  Aberrant Cre expression (Figure 2.8a)
Cacng5-Cre-3  No Cre expression
Cacng5-Cre-4  Expression in CA2 + some interneurons (Figure 2.8b)
Cacng5-Cre-5  Expression in layers 2 and 3 of EC (Figure 2.9)

Table 2.1: Cre expression patterns in the Amigo2-Cre and Cacng5-Cre founder lines.
Summary of the findings obtained from crossing the Cre founders to the Ail4 Cre-reporter line

and hippocampal injection of Cre-dependent reporter AAVS.
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Figure 2.6: Cre expression in the
Amigo2-Cre founder lines. The
Amigo2-Cre founder lines were crossed
with the Ail4 tdTomato reporter line
and stereotactically injected with a Cre-
dependent eGFP reporter AAV to
reveal Cre expression. tdTomato
expression is shown in red, and eGFP
expression is shown in green. a, While
the Amigo2-Cre-1 founder line showed
relatively unrestricted tdTomato
expression, CA2-specific Cre
expression was seen in the adult brain
with injection of a Cre-dependent AAV
carrying the eGFP gene. b, ¢, The
Amigo2-Cre-2 (b) and Amigo2-Cre-4
(c) lines did not demonstrate CA2-

specific expression.



Figure 2.7: Cre expression in the Cacng5-Cre-1 line. A Cre-dependent reporter virus was

injected into the dorsal hippocampus to express eYFP in Cre” neurons. eYFP (shown in green)
was found in CA2, a variety of interneurons, and the EC (boxed area). EC labeling was

presumably the result of retrograde AAV transduction.
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Figure 2.8: Cre expression in the Cacng5-Cre-2 and Cacng5-Cre-4 lines. A Cre-dependent
reporter virus was injected into the dorsal hippocampus to express eYFP (shown in green) in
Cre” neurons. a, The Cacng5-Cre-2 line demonstrated weak Cre expression in CA2, CA1, and
DG. b, The Cacng5-Cre-4 line demonstrated strong CA2 expression, but also some weak

interneuron expression.
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Figure 2.9: Cre expression in the Cacng5-Cre-5 line. A Cre-dependent reporter virus was
injected into the EC to express eYFP (shown in green) in Cre* neurons. a, Sagittal section of
medial EC showing eYFP expression in layers Il and Ill. b, Sagittal section of dorsal
hippocampus showing eYFP expression of EC LIII axons in stratum lacunosum moleculare (sIm)

and EC LIl axons in the molecular layer (ml) of the DG. DAPI staining shown in blue.
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To further investigate the CA2-specificity of the Amigo2-Cre-1 line (Figure 2.6a), |
bilaterally injected a Cre-dependent AAV to express yellow fluorescent protein (YFP) in Cre*
cells (Figure 2.10). | observed selective and robust YFP expression throughout dorsal CA2
(Figure 2.11, Franklin and Paxinos, 2007; Lein et al., 2005). To confirm that these cells were
indeed CA2 pyramidal neurons, | stained for RGS14, a marker of CA2 (Figures 2.12 and 2.13;

Lee et al., 2010).

Nearly every YFP" neuron was also RGS14" (97.38 + 0.31%; n = 4 mice, 2546 cells),
demonstrating the proper targeting of CA2. Only a minute fraction of YFP" neurons were also
GABA" (0.16 + 0.16%; n = 3 mice, 1539 cells), demonstrating the specific targeting of CA2
excitatory pyramidal neurons (Figures 2.12 and 2.13). Finally, my AAV injection protocol
resulted in the targeting of the vast majority of dorsal CA2, measured by the percentage of

RGS14" cells that were also YFP™ (82.33 + 2.37%, n = 4 mice, 2992 cells).

To determine if the electrophysiological properties of the Cre™ neurons matched those
previously reported (Chevaleyre and Siegelbaum, 2010) for CA2 neurons, | stereotactically
injected a Cre-dependent channelrhodopsin-2 (ChR2) AAV vector into the hippocampi of
Amigo2-Cre-1 mice. ChR2 is a light-activated cation channel that allows for activation of
transduced neurons with pulses of blue light (Boyden et al., 2005; Sohal et al., 2009). Hence,
Cre” neurons could be identified as those that responded to pulses of blue light. The
electrophysiological properties of the Cre™ neurons largely matched those previously reported for
CAZ2 neurons (Table 2.2). One electrophysiological property, voltage sag due to
hyperpolarization-activated cation current (I), was found to be lower than the previously
recorded value (1.917 £ 0.503, current study; 4.1 £ 0.2, previous study). This is likely due to the
slight differences used in obtaining these values. | recorded the voltage sag following a
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hyperpolarizing pulse from -70 mV to -100 mV as in the previous study. However, | recorded
these values in whole-cell configuration within a few minutes following break-in. The previously
reported value was obtained approximately 10 minutes after break-in, following dialysis of the
cell with the internal patch pipette solution. It is important to note that the value found for the
Cre" neurons differed from the value previously reported for CA1 neurons. This is significant
because a decreased amount of sag is likely due to the decreased expression of
hyperpolarization-activated cyclic nucleotide-regulated (HCN) channels in CA2. Furthermore,
all of the other electrophysiological properties matched those previously reported for CA2 and
differed from the values reported for CA1 (Table 2.2) thus confirming the specific targeting of
CA2 pyramidal neurons in the Amigo2-Cre-1 mouse line. This mouse line will henceforth be

referred to as CA2-Cre.
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Figure 2.10: Cre expression in the Amigo2-Cre-1 line. A Cre-dependent reporter virus was
injected bilaterally into the dorsal hippocampus to express eYFP (shown in green) in Cre*
neurons. Coronal section showing robust and selective expression of YFP in CA2. Nissl

counterstain shown in blue. Scale bar represents 1 mm.
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Figure 2.11: Rostrocaudal spread of the AAV transduction. Left, reference atlas images
adapted from Franklin and Paxinos, 2007. Center, YFP expression shown in green. Robust and
selective expression in CA2 was observed. The boxed area is magnified in Figure 2.12. Right,
mm from bregma along rostrocaudal axis. All panels show coronal sections with Nissl

counterstain (colored in blue). Scale bars represent 400 pum.
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Figure 2.12: YFP" neurons are positive for RGS14 and negative for GABA. a, d
Magnification of area demarcated with a white box in Figure 2.11. YFP expression resulting
from transduction of CA2 neurons with the Cre-dependent YFP reporter virus is shown in green.
b, RGS14 staining shown in red. ¢, Merge of (a) and (b) illustrating overlap between RGS14 and
YFP. e, GABA staining shown in red. f, Merge of (d) and (e) demonstrating that YFP" neurons
are not GABAergic. Scale bars represent 200 um.
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Figure 2.13: YFP" neurons are excitatory CA2 pyramidal neurons. Cre* neurons expressing
YFP (shown in green) co-label with RGS14 staining (shown in red), but do not co-label with
GABA staining (shown in red in separate images). a, Reproduction of section -1.06mm shown in
Figure 2.11. b,e Magnification of area boxed in (a). ¢, RGS14 staining of section shown in (b).
d, Merge of (b,c) demonstrating YFP and RGS14 co-labeling. f, GABA staining of section
shown in (e). g, Merge of (e,f) showing no overlap of GABA and YFP. h, Reproduction of
section -1.46mm shown in Figure 2.11. i,I Magnification of area boxed in (h). j, RGS14 staining
of section shown in (i). k, Merge of (i,j) demonstrating YFP and RGS14 co-labeling. m, GABA
staining of section shown in (I). n, Merge of (I,m) showing no overlap of GABA and YFP. o,
Reproduction of section -2.18mm shown in Figure 2.11. p,s Magnification of area boxed in (0).
g, RGS14 staining of section shown in (p). r, Merge of (p,q) demonstrating YFP and RGS14 co-
labeling. t, GABA staining of section shown in (s). u, Merge of (s,t) showing no overlap of
GABA and YFP. Scale bars, 200 pum.
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Cre" neurons
Input Resistance (MQ)  68.3 + 3.032
Capacitance (pF) 296.0 + 18.68
Resting Potential (mV) -76.3 £0.63
AP Amplitude (mV) 90.81 +2.17
AP Duration (ms) 0.8253 + 0.02
Sag (mV) 1.917 + 0.503

CAl
107 +10.7
170.1+114
-7119+1.72
953+1.8
0.99 +0.03
8.4+0.3

CA2
76.2+11.1
305.3+20.8
-75.3+1.0
84.8+1.6
0.78 +0.02
41+0.2

CA3
107.5+28.1
150.1 +26.1
-144+0.8
84.4+4.4
0.95+0.03
43+0.4

Table 2.2: The electrophysiological properties of Cre™ neurons. Electrophysiological

properties of Cre” neurons (Column 1) largely matched the properties previously reported

(Chevaleyre and Siegelbaum, 2010) for CA2 neurons (Column 3). Whole-cell recordings (n = 5)

were conducted to measure input resistance, capacitance, resting potential, action potential (AP)

amplitude, AP duration, and sag. Input resistance and capacitance were measured with a -5 mV

pulse. The AP amplitude and duration were measured during a 10ms depolarizing pulse and the

sag resulting from activation of I, was measured during a 500ms hyper-polarization from -70 to -

100mV. Values previously reported (Chevaleyre and Siegelbaum, 2010) for CA1 and CAS3 cells

are shown for reference.
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2.5 Discussion

In this chapter, | have detailed the generation of a Cre mouse line that enables genetic
targeting of the CA2 subfield of the hippocampus. I chose to generate a BAC transgenic, and |
introduced the rationale for choosing this method in section 2.3. This method was chosen as a
compromise between fidelity of expression and cost, in terms of both time and money. However,
this method did not prove as fruitful as anticipated. Following BAC DNA injection of ~360
embryos and screening of 54 potential founders, only 11 Cre* founders were generated. These
numbers reflect the inefficiency of BAC transgenesis. This inefficiency is not surprising due to
the fact that this technique relies on random DNA integration that is not selected for.
Furthermore, as detailed previously in section 2.4, this process only yielded 1 useful transgenic
line after the 11 founders were screened for proper expression of Cre that would recapitulate the
endogenous expression pattern of the gene used to target CA2. This low success rate was a bit
more surprising. The members of the GENSAT (Gene Expression Nervous System Atlas) project
previously reported that only three or four founder lines would need to be screened to find a line
that would express Cre faithfully (Gong et al., 2007). With this expectation, it was shocking to
find such a low success rate for the current project detailed in this thesis. The discrepancy in rate
of successful transgenesis may be due to differences in the techniques used by the GENSAT and

Columbia transgenic facilities.

Due to my experiences with the inefficiency of BAC transgenesis, in the future | would
choose to generate mouse lines with targeted mutations (knock-in lines). These lines take longer
to generate because they require DNA recombination in embryonic stem (ES) cells and injection
of the ES cells into blastocysts to produce chimeric mice, which must then be bred to produce the

transgenic founders. While the generation of the knock-in founders does indeed take more time
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than the generation of the BAC transgenic founders, very few founders are required to obtain
successful recapitulation of endogenous gene expression patterns. This is a result of the targeted
insertion of the transgene in the proper locus. Hence, positional effects due to random DNA
insertion associated with the BAC transgenic technique are eliminated with generation of a

knock-in transgenic.

Even in the one mouse line that exhibited expression of Cre restricted to CA2, expression
was not limited to CA2 throughout development (Figure 2.6a). Therefore, conditional mouse
lines cannot be crossed with the CA2-Cre mouse line generated in this study because the
conditional allele would be expressed in many regions other than CA2, as evidenced by the
neurons expressing tdTomato in Figure 2.6a. This limitation, of course, decreases the usefulness

of this line.

The mouse line that yielded CA2-restricted expression (Amigo2-Cre-1) was based on the
BAC containing the Amigo2 gene. As seen in the GENSAT and Allen brain atlases (Figure 2.2),
expression of Amgio2 is also observed in the mossy cells of the dentate gyrus. Expression of Cre
in the mossy cells of the DG is observed in the Amigo2-Cre-1 mouse line. Nevertheless,
stereotaxic injection of Cre-dependent viruses into the hippocampus proper is sufficient to avoid
mossy cell expression (Figures 2.10, 2.11). Additionally, injection of these vectors in adult
animals can be used to avoid the undesirable non-specific expression seen during development.
This technique is very versatile, because many transgenes may be carried by Cre-dependent
viruses. Nearly the only limitation of this technique is the carrying capacity of the viruses used,
which is admittedly low for AAV (~5 kb). However, larger DNA viruses such viruses in the

herpes virus family can carry ~150 kb of DNA (Luo et al., 2008).
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| have demonstrated in this chapter that CA2 can be effectively and specifically targeted
genetically using a combination of the CA2-Cre mouse line and stereotaxic injection of Cre-
dependent viral vectors. There is a wealth of Cre-dependent tools available to manipulate and
observe the activity and connections of specific populations of neurons that are genetically
defined by their expression of Cre recombinase. Included in this set of tools are Cre-dependent
vectors that can be used to express the TVA receptor and rabies G protein selectively in Cre”
neurons. Specific expression of these proteins allows for monosynaptic retrograde tracing of
inputs to a specific cell population. This technique will be used to explore the connectivity of
CA2 in the following chapter. Furthermore, Cre-dependent viral vectors can be used to transduce
a neural population with a protein such as tetanus neurotoxin (TeNT) to allow for inactivation of
that region. The behavioral result following inactivation of the region can then be assessed. This

technique is utilized to explore the behavioral relevance of CA2 in Chapter 4.
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Chapter 3

Mapping the inputs and outputs of CA2

3.1 Inputs to CA2

Although aspects of CA2 connectivity have been examined (Cui et al., 2013; Haglund et
al., 1984; Kiss et al., 2000; Magloczky et al., 1994; Vertes 1992; Vertes et al., 1999), as
discussed in the Introduction to this thesis, these previous studies used non-genetic tracing
methods that did not distinguish among the mixture of neuronal subtypes located in the CA2
region or whether an axonal projection formed actual synapses onto CA2 targets. To circumvent
these problems, I utilized the CA2-specific Cre mouse line that | generated to map CA2
connectivity using viral tracing strategies that take advantage of the targeting of a genetically
defined population of CA2 pyramidal neurons. | labeled monosynaptic inputs to CA2 pyramidal
neurons using an EnvA pseudotyped AG rabies virus (Figure 3.1; Wall et al., 2013; Wall et al.,
2010; Wickersham et al., 2010). EnvA pseudotyped viruses can only infect neurons expressing
the avian TVA receptor. Since this receptor is not normally expressed in the mouse brain,
expression of the receptor in a specific population of neurons renders only those neurons
susceptible to EnvA pseudotyped rabies infection. Hence to target CA2 specifically, a Cre-
dependent AAYV carrying the TVA gene (AAV5- EFla-FLEX-TVA-mCherry-WPRE-hGH;
Watabe-Uchida et al., 2012) was injected into the hippocampus of the CA2-Cre mice two weeks

prior to injection of the EnvA rabies virus.
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Figure 3.1: EnvA pseudotyped rabies virus tracing. Monosynaptic retrograde tracing with the
pseudotyped rabies virus approach is illustrated above. A Cre* neuron is transduced with Cre-
dependent helper viruses (depicted green) to express the TVA receptor and the B19G
glycoprotein only in Cre” cells. Then the EnvA pseudotyped rabies virus, which is only capable
of infecting neurons that express TVA, is injected. With this strategy, only Cre* neurons are
initially infected with the rabies virus. The rabies virus encodes mCherry, thus turning the cell
red. Because the B19G glycoprotein is expressed in the Cre" cell, functional rabies virus particles
with the ability to travel transsynaptically in the retrograde direction are made in the Cre*
neuron. Following transsynaptic spread, monosynaptic inputs are labeled (depicted as red) with
the fluorophore encoded for by the rabies virus. These cells do not express G, and hence their
inputs (yellow cells) will not be labeled. Furthermore, because rabies travels only in the
retrograde direction, targets of Cre” cells will not be labeled (cells also depicted in yellow).
(Adapted from Wall et al., 2010).
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Additionally, since the rabies virus is a AG virus (the glycoprotein coat gene has been
removed), the rabies virus is not capable of synthesizing new infectious particles without
transcomplementation of the glycoprotein G. Therefore, | expressed G specifically in CA2 by
injecting a Cre-dependent AAV that carried the G gene (AAV5- CAG-FLEXx-rabiesG-WPRE-

hGH; Watabe-Uchida et al., 2012) at the same time that | injected the Cre-dependent TVA AAV.

This system (Figure 3.1) has several advantages over traditional tracing techniques. First,
rabies virus travels transsynaptically in the retrograde direction. Other retrograde tracers, such as
wheat germ agglutinin (WGA), travel transneuronally. Thus, rabies virus tracing will only label
functionally connected inputs. Second, the AG virus used with this method cannot spread beyond
one synapse. Hence, this technique will label only monosynaptic connections. This eliminates
the ambiguity of polysynaptic spread associated with other tracing techniques. Finally, the rabies
virus is replication competent, thus permitting amplification of the fluorescent reporter.
Consequently, weak inputs will be robustly visualized.

To utilize this tracing technique, I unilaterally co-injected two Cre-dependent AAVS to
express TVA and G in CA2. Two weeks after injection, | injected EnvA pseudotyped mCherry
rabies virus into the dorsal hippocampus (n = 8). One week after the rabies virus injection, I
perfused the mice, sliced the brains, and looked for mCherry labeled cells. Unilateral injections

revealed bilateral inputs to CA2 from CA3 and CA2 (Figure 3.2).

Strong unilateral input from both lateral and medial EC layer 2 neurons was also
observed (Figure 3.3). Some fluorescent cells were occasionally observed in layer 3 of EC,
however these were likely due to aberrant leaky expression of the tracing system because EC 3
labeling was observed only when cells in CA1 showed rabies infection. While the EC 2 input to

CAZ2 was expected, the lack of EC layer 3 labeling was surprising given that previous reports
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have documented a connection between EC3 and CA2 (Chevaleyre and Siegelbaum, 2010). This
discrepancy can be explained by the fact that Chevaleyre and Siegelbaum used
electrophysiological recordings to observe a connection between EC 3 and CA2. More
specifically, an electrode was placed in sim to excite putative EC 3 fibers and post-synaptic
responses were observed in CA2. While this is a standard technique and EC 3 axons do course
through sIm, this data does not exclude the possibility that axons other than those from EC 3 run

through and make synapses onto the distal dendrites of CA2 neurons.
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Figure 3.2: CA2 and CA3 project bilaterally to CA2. Rabies virus labeling (mCherry signal)
shown in magenta. Nissl stain shown in green. a, Hemisphere ipsilateral to the side of virus
injection. Robust mCherry signal is seen in CA2 (principally infected cells) and in CA3, which
makes monosynaptic connections to CA2. b, mCherry was also seen in contralateral CA2 and

CAZ3, indicating that CA2 and CAS3 project bilaterally to CA2. All panels show sagittal sections.

Scale bars represent 200 pum.
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Figure 3.3: Layer 2 of medial and lateral EC project to CA2. Rabies virus labeling (mCherry
signal) shown in magenta. Nissl stain shown in green. a, Layer 2 of lateral EC monosynaptically

projects to CA2. b, Layer 2 of medial EC monosynaptically projects to CA2. All panels show
sagittal sections. Scale bars represent 200 um.
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In addition, synaptic inputs were detected from other cortical and subcortical nuclei,
including medial septum and diagonal band (Figure 3.4a), median raphe nucleus (Figure 3.4b),

and the supramammillary nucleus of hypothalamus (Figure 3.4c).

To ensure that the rabies virus was pseudotyped properly with little to no contamination
of unpseudotyped virus, the EnvA rabies virus was injected into the dorsal hippocampus of CA2-
Cre mice that were not previously injected with the helper TVA and G adeno-associated viruses
(n = 3). One week following injection, the mice were perfused and the brains were examined for
mCherry expression. If the viral stock were contaminated with unpseudotyped virus, 1 would
have observed mCherry labeling. However, | did not observe any mCherry expression (Figure

3.5) indicating that the EnvA virus was not contaminated with unpseudotyped virus.
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Figure 3.4: Subcortical projections to CA2. Rabies virus labeling (mCherry signal) shown in
magenta. Nissl stain shown in green. a, The medial septum (MS) and nucleus of the diagonal
band (NDB) project to CA2. b, The median raphe (MR) projects to CA2. ¢, The lateral
supramammillary (SUMI) nucleus projects to CA2. All panels show coronal sections. Scale bars
represent 200 pm.
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Figure 3.5: Specificity of the pseudotyped rabies virus. a, b, No labeled cells were observed
(n =3 mice) following injection of the (EnvA)SAD-AG-mCherry virus when TVA was not

expressed in CA2. b, Magnification of boxed area in (a). Rabies labeling would have appeared in

magenta; Nissl stain shown in green. Scale bars, 200 pum.
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3.2  Outputs from CA2

Projections from CA2 to other brain areas were determined by expressing YFP in CA2
(as in Figure 2.10) and examining brains for YFP fluorescent axons. I unilaterally injected a Cre-
dependent AAV (EFla-FLEx-eYFP-WPRE-hGH polyA) to express YFP in CA2 (n = 6). Two
weeks following injection, the mice were perfused, the brains were sliced, and the slices were
imaged with confocal microscopy to search for YFP-positive axons. | observed strong bilateral

labeling in stratum oriens (SO) and stratum radiatum (SR) of CAl, CA2, and CA3 (Figure 3.6).

| did not observe extra-hippocampal CA2 output. However, previous studies have
reported CA2 output to the supramammillary nucleus (Cui et al., 2013) and to layer 2 of the
entorhinal cortex (Rowland et al., 2013). Possible explanations for these discrepancies are

discussed in the following section.
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Figure 3.6: CA2 projections. Unilateral injections of Cre-dependent AAV in CA2-Cre mice
were done to express YFP (shown in green) selectively in CA2. a, Image of the dorsal
hippocampus contralateral to the injected hemisphere demonstrating Y FP-positive axons in
stratum oriens (so) and stratum radiatum (sr). Axons were not seen in stratum lacunosum
moleculare (sim). b, Magnification of the area boxed in (a). All panels show coronal sections.

Nissl stain shown in magenta. Scale bars represent 200 pum.
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3.3 Discussion

These anatomical results generally support previous findings from conventional tracing
studies (Cui et al., 2013; Haglund et al., 1984; Kiss et al., 2000; Magloczky et al., 1994; Vertes
1992; Vertes et al., 1999). However, | failed to confirm vasopressinergic input to CA2 from the
paraventricular nucleus of the hypothalamus (Cui et al., 2013). This is likely due to an inability

of the transsynaptic rabies tracing system to label nontraditional synapses (Wall et al., 2013).

While this technique did not reveal any novel inputs to CA2, these results provide a more
definitive list of monosynaptic inputs to CA2. Furthermore, the finding that CA2 receives
significant input from lateral EC (Figure 3.3a), median raphe (Figure 3.4b), and lateral
supramammillary nucleus (Figure 3.4c) suggests that it may be critical for certain forms of non-

spatial memory (Hargreaves et al., 2005; Hensler 2006; Pan and McNaughton, 2004).

The subcortical projections to CA2 are of particular interest because these structures are
largely responsible for the release of various neuromodulators. The medial septum (MS) and the
nucleus of the diagonal band (NDB) release acetylcholine (Griguoli and Cherubini, 2012), which
is thought to be important in attention and in pathologic states such as Alzheimer's disease
(Zaborszky et al., 1999). The median raphe (MR) is predominately a serotonergic nucleus
(Hensler, 2006). Serotonin is thought to signal emotional valence and motivational states and is
important in disease processes such as major depression (Hensler, 2006; Meneses and Liy-
Salmeron, 2012). Finally, the supramammillary nucleus (SUM) contains a large variety of cell
types including dopaminergic, calretinin positive, glutamatergic, substance P positive, CCK
positive, and VIP positive neurons (Pan and McNaughton, 2004). Hence, this nucleus is likely to

mediate a diverse array of emotional and cognitive behaviors (Pan and McNaughton, 2004).
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As indicated in section 3.2, | did not observe extra-hippocampal CA2 output. This is in
contrast to previous studies that have reported CA2 output to the supramammillary nucleus (Cui

et al., 2013) and to layer 2 of the entorhinal cortex (Rowland et al., 2013).

A possible explanation for my failure to observe SUM output is that Cui and colleagues
did not utilize genetically targeted axon tracing (Cui et al., 2013). Hence, they labeled both
inhibitory and excitatory CA2 neurons. As my approach labeled only excitatory CA2 neurons,
the previously reported CA2 output to the supramammillary nucleus may be a long-range
inhibitory projection. Indeed, a previous study has demonstrated projections of non-pyramidal

neurons from hippocampus to the supramammillary nucleus (Ino et al., 1988).

Using genetically targeted rabies tracing, Rowland and colleagues have demonstrated
output of CA2 to layer 2 of EC (Rowland et al., 2013). Like the output of CA2 to the
supramammillary nucleus, the proposed output to EC may also represent a long-range inhibitory
projection (Tamamaki and Nojyo, 1995). However, Rowland and colleagues reported that these
neurons did not represent an inhibitory neuronal population because they were parvalbumin and
GADG67 immunonegative. An alternative explanation is that the axonal YFP signal that | used to
look for CA2 outputs did not reach EC. This is an unlikely explanation because the axonal YFP
signal was visualized in the contralateral hippocampus following unilateral AAV injections
(Figure 3.6). Alternatively, this discrepancy may be due to the ability of the rabies virus tracing
system to label weak inputs to a particular brain region. Finally, this result may represent non-
specific expression of the TV A receptor and/or the rabies glycoprotein in the mouse line that
Rowland and colleagues used to specifically target layer 2 of EC, thus allowing for inappropriate

labeling of CA2.
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Chapter 4

The in vivo function of CA2 in learning and memory

4.1 Genetic inactivation of CA2

To study the in vivo relevance of CA2, | genetically inactivated this hippocampal subfield
with the CA2-Cre line detailed in Chapter 1. A variety of tools have been developed to silence
genetically targeted neurons. These methods include the MISTs, allatostatin receptor,
halorhodopsin, tetanus neurotoxin (TeNT), and the DREADDs (Luo et al., 2008; Ferguson et al.,
2011). Halorhodopsin is ideal for tight temporal control, because it is a light activated CI" pump
that can be rapidly turned on and off. This technique, however, requires additional equipment
and high expression of the pump. Furthermore, the volume of tissue silenced is limited by the
spread of the light. This method would not be ideal for the current study because even though
CAZ2 is a small region in the medial-lateral axis, it spans a great distance in the rostral-caudal
direction. The light spread would not cover all of CA2, and a potential phenotype could possibly
go undetected. The MISTSs, allatostatin receptor system, and the DREADDSs provide a means of
silencing neurons via injection of a drug/ligand. Thus, all of these systems provide for inducible
silencing of neurons on a timescale slower than that of halorhodopsin, but without the equipment
setup complications. The allatostatin receptor and the DREADDSs do not mediate silencing
directly; they do so by activating GIRK channels. Unfortunately, this makes the silencing
dependent on GIRK channel expression. Additionally, allatostatin and the MIST “dimerizers”
must be administered intracranially (Karpova et al., 2005; Luo et al., 2008).

| chose to silence CA2 neurons using a Cre-dependent AAV viral vector that | have

synthesized that expresses TeNT (Efla-FLEx-eGFP-TeNT-WPRE-hGH polyA). To avoid
67



developmental effects of CA2 silencing, the vector was injected intracranially in adult mice.
TeNT is a metalloprotease that cleaves vesicle-associated membrane protein 2 (VAMP2), a
critical component of the exocytotic machinery (Tonello et al., 1999; Yamamoto et al., 2003).
Hence, injection of this virus into the hippocampus of CA2-Cre mice would result in abolition of
CAZ2 output.

To confirm that injection of this virus into the hippocampi of CA2-Cre mice would result
in inactivation of CA2 output, | co-expressed the light-activated cation channel
channelrhodopsin-2 (ChR2) (Boyden et al., 2005; Sohal et al., 2009) with either TeNT or YFP
by injection of two independent AAVs and recorded electrophysiological activity of CAl and
CAZ2 neurons in response to light stimulation of CA2 in acute hippocampal brain slices. Low
intensity illumination (using 2-ms pulses of 470 nm light at 3 mW-mm) focused on CA2 in
hippocampal slices expressing ChR2 reliably triggered action potentials in CA2 PNs, as seen by
the presence of large action currents in cell-attached patch recordings (Figure 4.1). Spiking was
similarly elicited in neurons that co-expressed either YFP (Figure 4.1b, n = 6) or TeNT (Figure

4.1c, n = 4) with ChR2, indicating that the TeNT did not inhibit the excitability of CA2 neurons.
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CA1

Figure 4.1: Optogenetic stimulation of CA2. a, Experimental setup. Cell-attached voltage
clamp recordings were made from CA2 neurons that expressed ChR2 with either YFP or TeNT.
The CA2 neuron and its axons coursing through stratum oriens (so) and stratum radiatum (sr) is
depicted in green. b, Cell-attached recording of CA2 neuron expressing ChR2 and YFP
demonstrating action currents in response to 2 ms blue light (470 nm) stimulation (blue bars
underneath trace). ¢, Light-induced action currents were also observed in CA2 neurons
expressing ChR2 and TeNT.
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Next, | examined the strength of synaptic transmission from CA2 to CA1 pyramidal
neurons and the efficacy of TeNT silencing. Whole-cell current-clamp recordings were used to
measure light-evoked postsynaptic potentials (PSPs) in CA1 pyramidal neurons in hippocampal
slices in which CA2 neurons co-expressed ChR2 with either YFP or TeNT (Figure 4.2). In
agreement with our anatomical mapping (Chapter 3) and previous paired recordings (Chevaleyre
and Siegelbaum, 2010) focal photostimulation delivered to the SO and SR regions of CAl in
slices expressing ChR2 and YFP (n = 14) evoked robust EPSPs in nearby CA1 PNs (Figure
4.2b). Increasing the light power recruited progressively larger PSPs, presumably due to an
increase in the number of optically activated CA2 axons (Figure 4.2b, c). In stark contrast, in
slices in which TeNT was co-expressed with ChR2 in CA2 (n = 14), illumination over a wide
range of intensities produced little or no synaptic response in CA1 neurons (Figure 4.2b, c),

demonstrating the efficacy of the genetic lesion.

The aforementioned experiments were performed without the addition of any
pharmacological agents in the either the patch pipette or the bath of the slice. Hence, the
recorded PSPs represent the sum of excitation from CA2 to CA1 and feed-forward inhibition of
CAL1 recruited by CA2. To assess the strength of the inhibition recruited by CA2, this experiment
could be repeated with the GABAA and GABAg antagonists picrotoxin and CGP 55845A. With
inhibitory transmission blocked, pulses of blue light would result in excitatory PSPs (EPSPS) in
CAL. With the EPSPs isolated, the inhibitory PSPs (IPSPs) could be inferred by subtracting the

net PSP (e.g. Figure 4.2b) from the isolated EPSP.
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Figure 4.2: Electrophysiological confirmation of genetic CA2-inactivation. a, Experimental
setup. Whole-cell current-clamp recordings were made in CAL neurons (shown in black). CA2
axons that expressed ChR2 are shown in green. b, Light evoked (blue bars underneath traces)
PSPs were observed in CA1 neurons when ChR2 was co-expressed with YFP (green traces).
PSPs were not seen in CA1 when ChR2 was co-expressed with TeNT in CA2 (magenta traces).
¢, Larger PSPs were measured in CAL with increasing light intensities when ChR2 was
expressed with YFP in CA2. When TeNT was co-expressed with ChR2 in CA2, increasing the
light intensity did not uncover PSPs in CAL, indicating the efficacy of the TeNT-based
inactivation of CA2. Data are presented as mean + s.e.m.
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4.2 A number of behaviors are unaltered by CA2-inactivation

What are the behavioral consequences of inactivation of CA2? To address this question, |
examined the behavior of control (YFP expressed in CA2, CA2-YFP) and CA2-inactivated

(TeNT expressed in CA2, CA2-TeNT) CA2-Cre littermate mice in a number of tasks.

a. Locomotor activity and anxiety-like behavior. Functional inactivation of dorsal CA2 did
not alter locomotor activity as assayed by the open field test (Figure 4.3). Furthermore,
inactivation of CA2 did not alter anxiety-like behavior as assayed by the elevated plus maze test

(Figure 4.4).
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Figure 4.3: CA2-inactivation does not alter locomotor activity. Locomotor activity was
assayed by the open field test. Briefly, mice were placed in an open plastic arena and distance
traveled (path length) and rearing events (number of times a mouse stood upright on its hind
paws) were measured. a, Path length (YFP, 53.14 + 4.62m, n = 8; TeNT, 47.04 £ 3.70m, n = 10)
was no different in CA2-inactivated mice compared to control mice (P = 0.31, two-tailed
unpaired t-test). b, Number of rearing events (YFP, 378.0 £ 17.36, n = 8; TeNT, 354.7 +£ 30.99, n
= 10) was no different in CA2-inactivated mice compared to control mice (P = 0.55, two-tailed

unpaired t-test). Results are presented as mean + s.e.m.

73



Q
o

20- 200-
w 0
£ 15 £ 150
c <
o c
£ 10- S 100-
< ®)
c c
S 5 ‘s 50
O £
E
0 0
YFP TeNT YFP TeNT

Figure 4.4: CA2-inactivation does not alter anxiety-like behavior. Anxiety-like activity was
assayed by the elevated plus maze test. Briefly, mice were placed in the center of an elevated
maze built in a plus shape with 4 arms. Two arms were closed (high walls) and two arms were
open (no walls). a, The number of open arm entries was not significantly different (P > 0.99,
two-tailed unpaired t-test) between the groups (YFP, 14.00 £ 1.46, n = 8; TeNT, 14.00 + 1.54, n
= 10). b, The time spent in the open arms (YFP, 163.7 + 10.43s, n = 8; TeNT, 155.1 + 16.38s, n
= 10) did not differ significantly (P = 0.68, two-tailed unpaired t-test) between the groups.

Results are presented as mean £ s.e.m.
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b. Spatial memory. The above results showing that loss of CA2 does alter

performance in the open field or elevated plus maze are not surprising because previous studies
have demonstrated that lesions of the entire dorsal hippocampus do not result in alterations in
locomotor activity as assayed by the open field test (Markowska and Lukaszewska, 1981) or
anxiety-like behavior as assayed by the elevated plus maze test (McHugh et al., 2004). In
contrast, the dorsal hippocampus has been shown to be essential for spatial memory as assayed
by the Morris water maze task (Morris et al., 1982; Squire 1992). Hence, | next assessed the
performance of CA2-inactivated mice in the Morris water maze task.

The experimental protocol | used is outlined in Figure 4.5a. Water is innately aversive to
mice; hence when placed in a water tank (maze), mice will attempt to find an escape from the
tank. First, I trained the mice to find a platform that was marked with a flag to render it visible
(Days 1-2). This phase of the task does not require the hippocampus and was done to ensure that
no deficits in swim speed or vision were present in the CA2-inactivated group. Then, the flag
was removed to hide the platform, which was located 1 cm below the surface of water opacified
with white paint. The mice were then trained to find this platform over the course of 5 days (days
3-7). On day 8, the platform was removed to conduct a probe trial to assay spatial memory. An
increase in the amount of time spent in the target quadrant (where the platform was previously
located) indicated intact spatial memory. Then, the platform was moved to the opposite quadrant
for reversal training, a test of cognitive flexibility. Learning during training was assayed by
measuring the distance the mouse traveled before reaching the platform (path length, Figure
4.5b) and latency to find the platform (Figure 4.5¢). Spatial memory assayed during the probe

trials was assessed as percent time spent in each quadrant of the water maze (Figure 4.6).
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As the mice learned the task, both path length to the platform and latency to find the
platform decreased (Figure 4.5b, c). Both groups learned the task as evidenced by the decrement
in these measurements during the cued learning (days 1-2) and hidden platform learning (days 3-
7 and days 9-13) periods. While not significant, there was a slight trend for slower learning in the
CAZ2-inactivated group (on day 4), which was more pronounced during reversal training (day
10). This may indicate a slight deficit in cognitive flexibility in the CA2-TeNT group. However,
the two groups performed similarly in the probe trials on days 8 and 14 (Figure 4.6). Both groups
showed a preference for the quadrant in which the platform was located in during training. These

probe trial results indicate that spatial memory was intact in the CA2- inactivated group.
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Figure 4.5: CA2-inactivation does not alter Morris water maze performance. a, Schema of
the experimental design. On days 1 and 2, mice were trained to find a platform with a visible
flag. On days 3-7, mice were trained to find a hidden platform located in the SW quadrant of the
water maze. Spatial memory was assayed on day 8 with the platform removed. Reversal training
was conducted on days 9-13 with the platform now hidden in the NW quadrant. Spatial memory
of the novel location was tested on day 14. b, Path length to the platform was not altered by
CAZ2-inactivation (two-way repeated measures ANOVA: Treatment x Time F(11,770) = 0.67, P
=0.77; Time F(11,770) = 21.87, P < 0.0001; Treatment F(1,70) = 2.85, P = 0.10). c, Latency to
find the platform did not differ between the two groups (two-way repeated measures ANOVA:
Treatment x Time F(11,770) = 0.78, P = 0.66; Time F(11,770) = 25.23, P < 0.0001; Treatment
F(1,70) = 2.84, P =0.10). YFP, n = 8; TeNT, n = 10. Results are presented as mean + s.e.m.
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Figure 4.6: CA2-inactivation does not impair spatial memory. a, Spatial memory during the
probe trial was unaffected by CA2-inactivation. The percent of time spent in the target quadrant
(YFP, 33.00 £ 2.66%; TeNT, 38.6 £ 4.79%) was not significantly different between the two
groups (P = 0.36, two-tailed unpaired t-test). b, Spatial memory following reversal training was
unaffected by CA2-inactivation. There was no significant difference between the groups in
percent time spent in the target quadrant during the probe trial following reversal training (YFP,
36.38 = 5.75%; TeNT, 36.40 + 2.92%; P > 0.99, two-tailed unpaired t-test). YFP, n = 8; TeNT, n

= 10. Results are presented as mean + s.e.m.
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c. Contextual memory. In addition to spatial memory, the hippocampus has also been shown
to be critically involved in contextual memory, most commonly assayed by the contextual
fearing conditioning paradigm (Gewirtz et al., 2000; Squire 1992). | used a delay fear
conditioning protocol to assay both hippocampal-dependent contextual fear memory and
amygdala-dependent auditory fear memory in CA2-inactivated (CA2-TeNT) and control (CA2-
YFP) mice. The experimental design of this 3-day test is outlined in Figure 4.7a. On day 1, mice
were placed in context A, which consisted of 3 plexiglass walls, 1 opaque wall with black and
white stripes, and a steel grid floor. 1% acetic acid was placed as the dominant odor, and the
house fan was turned on. After 150s in the chamber, a tone (30s, 2.8 kHz, 85 dB) was played and
co-terminated with a shock (2s, 0.7 mA). Mice were removed from the chamber 30s after the
shock. Hence, on day 1 mice were trained to associate both context A (conditioned stimulus, CS)
and the tone (CS) with the aversive unconditioned stimulus (US), the shock. On day 2,
contextual fear memory was assayed by placing the mice back in context A for 300s. On day 3,
the mice were brought to the testing room that was now dimly illuminated with red light. The
mice were placed in context B, which was outfitted very differently from context A. Context B
consisted of an enclosure with 3 solid gray colored walls, 1 plexiglass wall with a circular door,
and a red, flat plastic roof. The floor of the enclosure was a white piece of plastic, 0.25%
benzaldehyde was the dominant odor. After 180s in context B, the tone from day 1 was sounded
for 60s. Percent time spent freezing (defined as the absence of all movement except for
respiration) was measured throughout these experiments and served as an index of fear memory.
Mice exhibiting fear memory will demonstrate an increase in freezing after training on day 1.
Both groups exhibited low levels of freezing on day 1, indicating that the mice were not

inappropriately fearful of the context before training (Figure 4.7b, c). On day 2 both the CA2-
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inactivated and control groups exhibited a similar level of increased freezing in response to
context A after training, with no statistically significant difference (see Fig 4.7). On day 3, both
groups demonstrated similarly low levels of freezing to context B, indicating that the fear
memory was not inappropriately generalized. In contrast, similar levels of robust freezing were
observed in both groups during the presentation of the tone on day 3 indicating intact auditory

fear memory (Figure 4.7b, c).

These results indicate that CA2 is not essential for the expression of hippocampal-
dependent contextual fear memory. In contrast, a robust deficit in contextual fear memory was
observed when CA3-inactivated mice were tested using the same delay conditioning protocol |
employed (Nakashiba et al., 2008). Together, these results support the hypothesis that the
parallel tri-synaptic and di-synaptic pathways mediate and support different forms of learning
and memory. It is important to note that CA2 may be partly involved in contextual fear memory
or spatial memory as tested by the MWM, and that the functional CA3 region in these mice fully

compensated for the loss of CA2 activity.
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Figure 4.7: CA2-inactivation does not impair contextual or auditory fear memory. a,
Schema of the experimental design. Delay fear conditioning was employed to test hippocampal-
dependent contextual fear memory and amygdala-dependent auditory fear memory. b, There was
no significant difference in percent freezing between the groups (two-way repeated measures
ANOVA: Treatment x Day F(4,68) = 0.31, P = 0.87; Treatment F(1,17) = 0.13, P = 0.73; Day
F(4,68) = 100.8, P <0.0001; YFP, n = 11; TeNT, n = 8). Prior to training on day 1, neither
group exhibited a fear response to context A (YFP, 2.45 + 1.06%; TeNT, 0.75 £+ 0.49%) or to the
tone (YFP, 3.09 + 1.31%; TeNT, 1.63 + 0.84%). On day 2 after training, robust fear responses to
context A were measured in both groups (YFP, 24.09 £ 2.88%; TeNT, 26.00 + 4.10%). Both
groups exhibited low levels of freezing on day 3 in novel context B (YFP, 6.55 + 1.52%; TeNT,
4.00 £ 0.87%) demonstrating context specificity of the fear memory and a lack of fear
generalization. Both groups exhibited robust freezing to the tone on day 3 (YFP, 35.82 + 4.93%);
TeNT, 34.63 £ 3.96%), demonstrating intact auditory fear memory. ¢, Freezing data plotted in
30s bins. Shaded areas represent tone presentation. Red line represents shock delivery. Left, two-
way repeated measures ANOVA revealed no significant difference between groups in freezing
on day 1 (Treatment x Time F(6,102) = 1.135, P = 0.3474; Treatment F(1,17) = 1.116, P =
0.3056; Time F(6,102) = 6.348, P < 0.0001). Middle, two-way repeated measures ANOVA

81



revealed no significant difference between groups in freezing on day 2 (Treatment x Time
F(9,153) = 0.9741, P = 0.4637; Treatment F(1,17) = 0.1326, P = 0.7203; Time F(9,153) = 6.335,
P < 0.0001). Right, two-way repeated measures ANOVA revealed no significant difference
between groups in freezing on day 3 (Treatment x Time F(7,119) = 0.2490, P = 0.9716;
Treatment F(1,17) = 0.6517, P =0.4307; Time F(7,119) = 50.87, P < 0.0001). Results are

presented as mean £ s.e.m.
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d. Novel object recognition. Mice possess innate curiosity and when presented with two
objects, one that they’ve previously encountered and a novel object, they will spend more time
interacting with and exploring the novel object (Bevins and Besheer 2006). This behavior
requires innate preference for novelty and intact object recognition memory. The hippocampal-
dependence of object recognition memory is controversial with studies both supporting (Cohen
et al., 2013) and refuting (Winters et al., 2004) its importance. To assess whether or not CA2 was
necessary for object recognition memory, | subjected CA2-TeNT and CA2-YFP mice to two
novel object tasks (Figures 4.8, 4.9). The protocol employed for the first test is outlined in Figure
4.8a. Briefly, mice were placed into an arena with 2 different objects and were habituated to the
objects and the arena over the course of four 5-minute trials. After a 1 hour inter-trial interval
(IT1), the mice were presented with a novel object and one of the previously encountered objects.
Time spent investigating the object (snout within 2 cm of the object) was measured throughout
all trials by an overhead camera and tracking software. The second variation of the novel object
task is outlined in Figure 4.9a. In this version, the mice were habituated to the empty arena for 3
days. On the fourth day, the mice were presented with two identical objects. After one hour, the
old object and a novel object were presented together. The CA2-inactivated and control mice
exhibited a similar extent of preference for the novel object (Figures 4.8 and 4.9). This indicates
that CA2-inactivation does not impair object recognition memory, nor does it abolish preference

for novelty.
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Figure 4.8: CA2-inactivation does not impair object recognition memory. a, Schema of the
experimental design for the novel object recognition task. b, The groups did not differ
significantly in exploration of object 1 (YFP, 16.75 + 1.57s; TeNT, 19.60 £ 2.24s) or object 2
(YFP, 16.50 £ 1.97s; TeNT, 15.90 + 1.66s) averaged over the course of the first 4 trials (two-
way ANOVA: Treatment x Object F(1,32) = 0.80, P = 0.38; Object F(1,32) = 1.05, P =0.31;
Treatment F(1,32) = 0.34, P =0.56; YFP, n = 8; TeNT, n = 10). ¢, Both groups explored the
novel object (YFP, 21.23 + 2.37s; TeNT, 24.37 + 2.81s) more than the familiar object (YFP, 7.41
+0.92s; TeNT, 8.57 £ 1.48s). Statistical analysis revealed a significant effect of object, but not
CAZ2 inactivation or interaction of the two (two-way ANOVA: Treatment x Object F(1,28) =
0.22, P = 0.64; Object F(1,28) = 48.46, P < 0.0001; Treatment F(1,28) = 1.02, P = 0.32).
Multiple comparison testing revealed a significant difference between exploration of the novel
object compared to exploration of the old object for both the YFP group (P = 0.0002) and the
TeNT group (P <0.0001). Results are presented as mean + s.e.m.
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Figure 4.9: Confirmation that CA2-inactivation does not impair object recognition
memory. a, Schema of the experimental design for another variation of the novel object
recognition task. b, The groups did not differ significantly in time spent exploring object 1 (YFP,
21.50 £ 2.31s; TeNT, 22.18 + 3.57s) or object 2 (YFP, 22.02 + 2.23s; TeNT, 22.36 + 2.815s)
during trial 1 of day 4 (two-way ANOVA: Treatment x Object F(1,44) = 0.004, P = 0.95; Object
F(1,44) =0.02, P = 0.90; Treatment F(1,44) =0.03, P =0.85; YFP, n = 12; TeNT, n = 12). c,
Both groups explored the novel object (YFP, 21.49 + 1.91s; TeNT, 22.73 £+ 1.82s) more than the
familiar object (YFP, 13.74 £ 1.83s; TeNT, 16.53 + 1.64s). Statistical analysis revealed a
significant effect of object, but not CA2 inactivation or interaction of the two (two-way
ANOVA: Treatment x Object F(1,44) = 0.18, P = 0.67; Object F(1,44) = 15.02, P = 0.0004;
Treatment F(1,44) = 1.25, P = 0.27). Multiple comparison testing revealed a significant
difference between exploration of the novel object compared to exploration of the old object for
both the YFP group (P = 0.008) and the TeNT group (P = 0.02). Results are presented as mean *

Ss.e.m.
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e. Olfaction. Mice rely on their incredible sense of smell for many behaviors, including

normal social interaction (Brennan and Zufall, 2006). Most previous studies suggest that the
hippocampus is not necessary for recognition or discrimination of odors (Dudchenko et al., 2000;
DeVito and Eichenbaum, 2011). Because my experiments involved selective manipulation of a
subregion of the hippocampus, I did not expect the mice to exhibit any deficits in odor detection.
However, to ensure that any deficits observed in CA2-inactivated mice were not caused by
olfactory impairment, | first conducted a test in which mice had to detect the presence of food
buried under a deep layer of cage bedding by its odor alone. The CA2-TeNT mice performed the
task as well as CA2-YFP mice (Figure 4.10a), indicating intact olfaction. To further probe the
effects of CA2-inactivation on olfactory discrimination, including discrimination between social
odors, | ran the olfactory habituation/dishabituation test (Figure 4.10b). In this test both non-
social (almond and banana) and social odors are presented for three successive trials. Habituation
is defined as the decrease in olfactory investigation upon repeated presentation of an odor, and
dishabituation is defined as increased olfactory investigation upon presentation of a novel odor.
Both the CA2-YFP and CA2-TeNT groups demonstrated normal habituation and dishabituation
to both the non-social and social odors presented (Figure 4.10b). Hence, CA2-inactivation did

not impair olfactory discrimination of non-social or social odors.
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Figure 4.10: CA2-inactivation does not impair olfaction. a, There was no significant
difference between the groups in latency to find a buried food pellet (YFP, 63.93 + 8.22s, n = 15;
TeNT, 67.06 £ 9.42s n = 16; P = 0.81, two-tailed unpaired t-test). Results are presented as mean
+ s.e.m. b, Both groups (YFP, n = 15; TeNT, n = 14) demonstrated habituation (decreased
olfactory investigation) to the repeated presentation of both non-social (almond and banana) and
social odors. Additionally, both control and CA2-inactivated groups demonstrated dishabituation

(increased olfactory investigation) upon the presentation of a novel non-social or social odor.
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4.3 CAZ2-inactivation abolishes social memory

In the previous section, | detailed the many behaviors unaltered by CA2-inactivation. The
anatomical findings presented in Chapter 3 suggested that CA2 may be involved in other non-
spatial hippocampal processes. Namely, the finding that CA2 pyramidal neurons integrate
synaptic input from lateral EC, which conveys non-spatial information (Hargreaves et al., 2005),
with subcortical input from both the hypothalamic supramammillary nucleus (Pan and
McNaughton, 2004) and the serotonergic median raphe nucleus (Hensler, 2006) suggested a role

for this region in non-spatial hippocampal tasks that involve emotional components.

Furthermore, previous studies have shown that the vasopressin 1b receptor (AVPR1b)
MRNA is strongly expressed in CA2 (Young et al., 2006) and that unconditional deletion of this
gene results in a deficit in social recognition memory (Wersinger et al., 2002; DeVito et al.,
2009). This has led to the suggestion that CA2 is important for social recognition and social
memory (Young et al., 2006). However, AVPR1b mRNA is expressed in many areas of the brain
outside the hippocampus (Young et al., 2006) and its deletion results in changes in a number of
non-hippocampal dependent behaviors, including reduced aggression and decreased sociability
(Wersinger et al., 2002; DeVito et al., 2009). Such findings raise questions as to the selective
role of CA2 in the behavioral changes seen in the AVPR1b knockout mice (Stevenson and

Caldwell, 2012).

To assess directly the role of CA2 in social behavior, | first compared the performance of
CA2-YFP versus CA2-TeNT mice in a three-chamber test of sociability (DeVito et al., 2009),
which assesses the normal preference of a subject mouse for a chamber containing a littermate
versus an empty chamber (Figure 4.11a). CA2-TeNT mice did not significantly differ from CA2-

YFP mice in this sociability test (two-way ANOVA: Treatment x Chamber F(1,44) = 0.013, P =
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0.91; Treatment F(1,44) = 1.566, P = 0.22; Chamber F(1,44) = 17.49, P = 0.0001). Multiple
comparison testing revealed that both groups displayed a significant preference for the
compartment containing the littermate, signifying normal sociability (Figure 4.11a).
Additionally, the difference scores (time spent exploring the chamber containing the mouse
minus time spent exploring the empty chamber) of the two groups were similar (Figure 4.11).
These results suggest that altered sociability seen in the AVPR1b knockout mice involves a brain

region distinct from CA2.

In contrast to their normal sociability, CA2-TeNT mice displayed a profound deficit in
social memory as determined by the social novelty test (Figure 4.11b). In this three-chamber test
(DeVito et al., 2009), social memory is assessed by the increased time a subject mouse spends
interacting with a novel unrelated mouse present in one chamber compared to the time it spends
interacting with a familiar co-housed littermate present in another chamber. CA2-TeNT mice
displayed a significant deficit in performance on this test compared to CA2-YFP mice (two-way
ANOVA: Treatment x Chamber F(1,44) = 11.25, P = 0.0016). Multiple comparison testing
revealed that the CA2-YFP group demonstrated a significant preference for the compartment
containing the novel animal whereas the CA2-TeNT group did not (Figure 4.11b). Moreover, the
difference score (time spent exploring the novel mouse minus time spent exploring the familiar
mouse) of the CA2-TeNT group was significantly less than the difference score of the CA2-YFP
group (Figure 4.11b). Hence, the CA2-TeNT mice displayed a profound deficit in social
recognition. Furthermore, this deficit was not due to a lack of interest in novelty, per se, as the
CA2-TeNT mice demonstrated normal preference for a novel object as assayed by two different

novel object recognition protocols (Figures 4.8 and 4.9).
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Figure 4.11: CA2-inactivation impairs social memory but not sociability. a, Left,
experimental setup for the sociability test. A subject mouse in the middle chamber can interact
with a littermate in one adjacent chamber or with an empty chamber. Middle, the YFP (n = 11)
and TeNT (n = 13) groups both preferred the chamber with a littermate (YFP, P = 0.0083; TeNT,
P = 0.0055; multiplicity adjusted P values). Right, the difference scores of the groups were
similar (P = 0.9154, two-tailed t-test). b, Left, experimental setup for the social novelty test. The
subject was allowed to interact with a littermate in one chamber or a novel, unfamiliar mouse in
another chamber. Middle, only the YFP group showed a preference for the novel animal (YFP, P
=0.0012; TeNT, P = 0.3593; multiplicity adjusted P values). Right, the difference score of the
CA2-TeNT group was less than that of the CA2-YFP group (P = 0.0109, two-tailed t-test). Data

are presented as mean x s.e.m.
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To further explore these findings, | conducted a second test of social memory, the direct
interaction test (Kogan et al., 2000). In this test, a subject mouse was first exposed to an
unfamiliar mouse in trial 1 placed together with the subject mouse in the same cage. After a 1h
inter-trial interval (ITI), the subject mouse was exposed either to a second unfamiliar mouse
(Figure 4.12a) or re-exposed to the same mouse encountered in trial 1 (Figure 4.12b). When a
novel mouse was introduced in trial 2, both groups exhibited similar social interaction times for
the two trials, with comparable difference scores (Figure 4.12a). In contrast, | observed a
significant difference in interaction times between the groups in trial 2 when the subjects were
re-exposed to the mouse initially encountered during trial 1 (Figure 4.12b; two-way repeated
measures ANOVA: Treatment x Trial F(1,29) = 24.23, P < 0.0001). Whereas the CA2-YFP
group spent significantly less time exploring the same mouse in trial 2 compared to trial 1,
demonstrating the presence of social memory, the CA2-TeNT group spent a similar amount of
time exploring the mouse in both trials (Figure 4.12b), indicating a loss of social memory.
Moreover, the difference score (time spent exploring the mouse on trial 1 minus time spent
exploring the mouse on trial 2) of the CA2-TeNT group was significantly less than that of the

CA2-YFP group (Figure 4.12b).
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Figure 4.12: Direct interaction assay confirms social memory deficit in CA2-inactivated
mice. a, Left, experimental setup for the direct interaction test in which a different stimulus
animal was presented in each trial. Middle, the two groups (YFP, n = 15; TeNT, n = 16) explored
the two stimulus animals for a similar amount of time (two-way repeated measures ANOVA:
Treatment x Trial F(1,29) = 0.0068, P = 0.93; Treatment F(1,29) = 2.405, P = 0.13; Trial F(1,29)
= 3.278, P = 0.0806). Right, the difference scores of the groups were similar (P = 0.93, two-
tailed t-test). b, Left, experimental setup for the direct interaction test in which the same stimulus
animal was presented for both trials. Middle, only the YFP group displayed recognition of the
familiar animal, evidenced by the decrement in social investigation on trial 2 (YFP, P < 0.0001;
TeNT, P =0.1499; multiplicity adjusted P values). Right, the difference score of the CA2-TeNT
group was less than that of the CA2-YFP group (P < 0.0001; two-tailed t-test). Data are

presented as mean x s.e.m.
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To further investigate the social memory deficit following CA2-inactivation, | next ran a
5-trial social memory assay (Figure 4.13a). This test was run as previously described (Ferguson
et al., 2000; Bielsky et al., 2004). Briefly, subject mice were individually housed for 7 days prior
to testing. On the day of testing, the subject mice were presented with an adult ovariectomized
female stimulus mouse for 4 successive 1 minute trials separated by a 10 minute ITI. On the fifth
trial, a novel stimulus animal was presented. Mice with intact social memory will habituate to the
presentation of the stimulus mouse over the course of the first 4 trials and dishabituate when a
novel stimulus animal is presented on the fifth trial. The control CA2-YFP group displayed this
behavior and thus intact social memory (Figure 4.13b). Conversely, the CA2-TeNT group did
not demonstrate habituation to the repeated presentation of the stimulus mouse during the first
four trials thus reaffirming the social memory deficit seen in the CA2-inactivated group (Figure
4.13b). Furthermore, statistical analysis confirmed a significant difference between the control
and CA2-inactivated groups (two-way repeated measures ANOVA: Treatment x Trial F(4,108) =

7.26, P < 0.0001; Treatment F(1,27) = 7.862, P = 0.0092; Trial F(4,108) = 15.41, P < 0.0001).
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Figure 4.13: 5-trial social memory assay confirms social memory deficit in CA2-inactivated
mice. a, Experimental paradigm. A stimulus animal was presented to the subject mouse for 4
successive trials separated by a 10 minute ITI. On the fifth trial, a novel mouse was introduced.
b, The CA2-YFP control group (n = 15) displayed habituation to repeated presentation of the
stimulus animal and dishabituation when a novel stimulus animal was introduced on the fifth
trial. Conversely, the CA2-TeNT group (n = 14) did not display either habituation or
dishabituation during the 5 trials indicating a severe deficit in social memory. Two-way repeated
measures ANOVA revealed a significant interaction between treatment and trial (Treatment x
Trial F(4,108) = 7.26, P < 0.0001; Treatment F(1,27) = 7.862, P = 0.0092; Trial F(4,108) =
15.41, P < 0.0001).
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Olfaction is crucial for normal social interaction (Brennan and Zufall, 2006). Hence, a
deficit in olfaction could result in an apparent social memory impairment. In the previous section
however, | demonstrated intact olfaction in the CA2-inactivated mice based on the buried food
and olfactory habituation/dishabituation tests (Figure 4.10). With the ability to detect and
discriminate between both non-social and social odors, it is highly unlikely that the social

memory deficit observed in the CA2-TeNT mice was due to olfactory impairment.
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Chapter 5

Conclusions

5.1 CAZ2 joins the hippocampal circuit

In this thesis, | have detailed the development and validation of a CA2-Cre mouse line
that enables precise genetic targeting of excitatory CA2 pyramidal neurons. This mouse line has
enabled selective mapping of the inputs and outputs of this largely unexplored region (Chapter
3). Furthermore, | have demonstrated that the CA2 subfield is essential for social memory
(Chapter 4.3). The importance of human hippocampus for social memory is famously illustrated
by the case of Henry Molaison (patient H.M.) who, following bilateral medial temporal lobe
ablation, could not remember people who had worked with him for years, indicating a profound
deficit in social memory (Corkin, 2002). Patients with lesions limited to the hippocampus
demonstrate similar dysfunction (Rempel-Clower et al., 1996). Furthermore, previous studies
have demonstrated hippocampal dependence of social memory in rodents (Kogan et al., 2000).
The data presented in this thesis argue for a central role of CA2 in mediating these mnemonic

processes.

Although the cognitive deficits of psychiatric disorders have been the subject of much
investigation, little is known about the underlying physiology of the social deficits in such
diseases. My finding of a central role of CA2 in sociocognitive processing suggests that
alterations in information processing in this subregion may contribute to the social
endophenotypes of disorders such as schizophrenia and autism. This possibility is further

suggested by the finding that individuals with schizophrenia and bipolar disorder have a reduced
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number of inhibitory neurons in CA2 (Benes et al., 1998), and findings that suggest a link
between autism and vasopressin (Meyer-Lindenberg et al., 2011), whose 1b receptors are

strongly concentrated in CA2 (Caruana et al., 2012; Young et al., 2006).

It is important to note that although I observed a specific deficit in social memory, CA2
likely participates in other hippocampal-dependent tasks. The lack of an effect of CA2-
inactivation on performance of classical hippocampal-dependent tasks, such as contextual fear
conditioning and the Morris water maze, may result from the ability of non-CA2-dependent
hippocampal circuits, such as the trisynaptic pathway, to carry out these tasks. In this context, it
is of interest that a genetic lesion of CA3 also fails to impair memory in the Morris water maze,
although contextual fear conditioning memory is abolished (Nakashiba et al., 2008). Such results
indicate that distinct hippocampal circuits, such as the disynaptic CA2-dependent and trisynaptic
CAZ3-dependent paths, may mediate both common and unique functions in hippocampal memory
storage (Figure 5.1). Future combined lesion studies or in vivo physiology could help to

disentangle these complexities.

Similarly, my finding that CA2 is essential for social memory does not rule out the
participation of upstream regions of the hippocampal circuit, including DG and CA3, in social
memory. Future investigation of social memory in DG-inactivated or CA3-inactivated mice will
be required to establish whether or not these subregions also participate in social memory

processing.

Inactivation of individual subregions of the entorhinal-hippocampal circuit often
produces subtle deficits in learning and memory, presumably due to compensation from the other

intact and functional subregions (the present work; Nakashiba et al., 2008; Nakashiba et al.,
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2012; Suh et al., 2011). Due to the robustness of this circuit, mnemonic functions that can be
ascribed to particular subregions are likely a result of properties unique to that subregion. In this
regard, several properties unique to CA2 support its essential role in mnemonic processing of
social information. The specific expression of the vasopressin 1b receptor in CA2 (in comparison
to other areas of the hippocampal circuit) likely enables signaling of social valence. Sensory
information from the environment is abundant; much is filtered and not stored in memory.
Hence, valence signals are required to designate which information should be remembered and
which information should be forgotten. Because of vasopressin’s important role as a social
hormone, it is a likely candidate for this function. Furthermore, the input that CA2 receives from
the supramammillary nucleus may also be important in signaling valence as this region has been
shown to include a wide variety of cell types, many of which secrete various neuropeptides (Pan
and McNaughton, 2004). Finally, layer 2 of the lateral entorhinal cortex likely provides the
sensory information to CA2 necessary to encode social memory as this region of the entorhinal

cortex has been shown to be involved in non-spatial memory (Hargreaves et al., 2005).

The work presented in this thesis is likely to spur a greater interest in the CA2 subfield of
the hippocampus. Most notably, | have demonstrated a specific behavioral function of this
hippocampal area. With an in vivo function of CA2 established, motivation for further

exploration of this area’s circuitry, physiology, and pathophysiology is certain to ensue.
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Figure 5.1: The trisynaptic and disynaptic circuits. The trisynaptic circuit is illustrated in
magenta and the disynaptic circuit is illustrated in green. The trisynaptic circuit connects layer 2
of entorhinal cortex (EC 2) to CA1 via dentate gyrus (DG) and CA3. In this circuit, EC 2
projects to DG via the perforant path. The DG sends its output to CA3 via the mossy fibers (mf),
and CA3 synapses on CAL neurons via the Schaffer collaterals (sc). The disynaptic pathway
connects EC 2 to CA1l via CA2. EC 2 neurons make direct connections with CA2 (see Chapter
3.1), and CA2 sends its output to CA1 (see Chapters 3.2 and 4.2).
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5.2  Future directions

The generation of a CA2-Cre line will provide a valuable tool for genetic targeting of this
subfield for future studies. This mouse line may be used to drive expression of nearly any gene
selectively to CA2. For example, a Cre-dependent channelrhodopsin-2 (ChR2) virus (Boyden et
al., 2005; Sohal et al., 2009) may be used to selectively express this light-activated cation
channel in CA2 (see Chapter 4.2). In this thesis, ChR2 expression in CA2 was used to assay the
efficacy of the TeNT silencing strategy employed to elucidate the behavioral role of CA2.
However, this tool may also be used to more carefully explore the circuitry of CA2. As
inhibitory postsynaptic potentials (IPSPs) were observed in CA1 following the light stimulation
induced EPSPs, it is likely that CA2 recruits large feed-forward inhibition. With ChR2 expressed
in CA2, postsynaptic responses in CA1 can be measured both in the presence and absence of
GABA blockers. In this way, a pure excitatory component of the CA1 EPSP (GABA blockers
present) can be obtained. The combined EPSP (no blockers present) can be subtracted from the
pure excitatory EPSP to obtain an estimation of the feed forward IPSP. Furthermore, light-
induced excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents (IPSCs)
can be directly measured from CA1 when the cell is voltage clamped. By voltage clamping the
neuron at -70 mV (the reversal potential for CI°), the EPSC can be isolated, and by voltage
clamping the cell at +10 mV, the IPSC can be isolated. Determination of the balance of
excitation and inhibition is critical for the understanding of normal circuit function.

As outlined in Chapter 1.1, CA2 has been implicated in diseases such as epilepsy and
schizophrenia. This mouse line may aid in the study of CA2’s involvement in these pathological
processes as well. For example, ablating CA2 in a model of temporal lobe epilepsy might

demonstrate CA2’s epileptogenic role in vivo. This may be done by expressing the
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pharmacologically selective actuator module (PSAM) in CA2 by injection of a Cre-dependent
PSAM vector in the CA2-Cre line (Magnus et al., 2011). PSAM is a genetically engineered
ligand-binding ion channel. Upon administration of the synthetic ligand PSEM, the channel
opens and CI" passes through the ion pore domain (from the glycine receptor) of the PSAM. CI’
influx will silence the CA2 neuron. With PSAM expressed in CA2, the PSEM can be
administered at any time point to temporarily inactivate CA2. To explore CA2’s role in epilepsy,
animals that express PSAM in CA2 can be kindled to induce a model of temporal lobe epilepsy.
Then, PSEM can be administered at different time points to determine if CA2-inactivation
decreases the number of seizure events or if it increases the threshold for generating persistent
epileptic activity in these mice. To test CA2’s involvement in schizophrenia, the CA2-Cre line
can be crossed to a mouse model of schizophrenia, for example the 22q11.2 microdeletion model
(Fénelon et al., 2013), and CA2 can be inactivated or activated to explore if CA2 activity alters
physiological or behavioral activity in these mice.

Finally, this line can also be used in future studies to delve further into the social memory
phenotype of CA2-inactivated mice. CA2-dependece of additional, possibly more ethological
behaviors such as the social transmission of food preference test (Wrenn, 2004) may be
examined. Furthermore, the work outlined in this thesis employed a TeNT-based inactivation
strategy that resulted in chronic ablation of CA2 activity. This prevented me from testing
whether CA2 is necessary for encoding, consolidation, and/or retrieval of social memory. To
differentiate between these possibilities acute inactivation of CA2 is required. As described
above, tools like the PSAM/PSEM system are currently available to enable temporally specific
inactivation of CA2. Hence, with genetically targeted expression of PSAM in CA2, PSEM

injections can be used to acutely inactivate CA2. PSEM ligand may be infused at various time
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points to assess the role of CA2 in social memory encoding and retrieval. The direct interaction
test can be run with the PSAM/PSEM approach to address this question. These experiments
would entail PSAM expression in CA2 and PSEM injection before the first trial to test the
necessity of CA2 for encoding social memories. PSEM injection after the first trial, but before
the second retrieval trial would be done to assess the role of CA2 in social memory retrieval.

As indicated earlier, the present work does not exclude a role of other hippocampal
regions including the DG and CA3 in the encoding or retrieval of social memory. To formally
test the hypothesis that CA2 is uniquely essential for social memory, the social memory tasks
outlined in Chapter 4.3 would need to be repeated in DG-inactivated and CA3-inactivated mice.
This could be achieved using the same strategy detailed in this thesis (Chapter 4.1). Namely, the
Cre-dependent TeNT virus that | have prepared could be utilized in conjunction with the CA3-
Cre (Nakashiba et al., 2008) and DG-Cre (Nakashiba et al., 2012) mouse lines to genetically
inactivate these subregions. Additionally, the PSAM/PSEM system described above could also
be employed to achieve acute inactivation of these hippocampal subfields.

CA2 inactivation (present work) and CA3 inactivation (Nakashiba et al., 2008) produced
surprisingly little deficit in spatial learning and memory, which has been shown to be
hippocampal-dependent. A possible explanation for this is that CA3 compensates for the lack of
CAZ2 activity when CAZ2 is inactivated, and CA2 compensates for the lack CA3 activity when
CA3 is inactivated. An alternate explanation for these findings is that the direct EC projections to
CA1 are capable of supporting spatial memory as assayed by the Morris water maze task. To
differentiate between these possibilities, the CA3-Cre mouse line (Nakashiba et al., 2008) can be
crossed to the CA2-Cre mouse line to generate a mouse that expresses Cre in CA2 and CA3.

Then, the TeNT-based inactivation approach outlined in Chapter 4 could be used to inactivate
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both of these subfields simultaneously. This would isolate CA1 from its disynaptic and
trisynaptic pathway inputs. Hence, the capability of the perforant path EC input to CAl to
support spatial memory could be assessed.

The experiments described above are only a small sampling of possible future directions
for this work. Because CA2 has been largely ignored in the past, the realm of potential

prospective work is vast.
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Chapter 6

Methods

Generation of CA2-Cre mouse line

Atlases of gene expression in the mouse brain (Heintz, 2003; Lein, 2007) were consulted
to ascertain which genes are expressed exclusively, with respect to the hippocampus, in CA2.
Both the GENSAT and Allen Brain Atlas indicated the CA2-specificity of Amigo2 expression.
The RP23-288P18 bacterial artificial chromosome (BAC) that contained the Amigo2 gene and
its surrounding regulatory elements was obtained from the BACPAC Resource Center (de Jong,
2000). Recombineering with galK selection and the SW102 bacterial strain (Warming et al.,
2005) was employed to seamlessly modify RP23-288P18 so that a Cre-HSV-polyA cassette was
inserted at the translation start site of the Amigo2 gene. Specifically, the Cre expression cassette
was PCR amplified from pLD53.SC-Cre (Gong et al., 2007) The homology arms used for the
recombineering were 5" arm: 5’
ATTGGTGGGAGACTGAGCTGATGAGAAGCGACTGGCAAGAGACTCAGAGGCGACCA
TA-3’ and 3’ arm: 5’
ATGTCGTTAAGGTTCCACACACTGCCCACCCTGCCTAGAGCTGTCAAACCGGGTTGC
AGAGA-3’. This modified BAC was injected into B6CBA/F2 pronuclei and embryos were
implanted into pseudopregnant females. PCR was used to identify the offspring that were Cre-
positive. These founders were crossed to the Ail4 Cre-reporter line (Madisen et al., 2010) to
examine the specificity of Cre expression. At 12 weeks of age, the Cre” offspring were

transcardially perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) and
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expression of tdTomato was examined in 50 um coronal slices. CA2-specific expression of
tdTomato was not observed in any of the founder lines. However, injection of the EFla-FLEX-
eYFP-WPRE-hGH Cre-reporter adeno-associated virus (AAV) into the hippocampus of adult
mice (> 8 weeks old) revealed CA2-specific expression in 1 of the 6 founder lines. This line was
used for all of the studies presented here. The line was backcrossed to C57BL/6J a minimum of 6

times before any behavioral or physiological experiments were performed.
Subjects

The Amigo2-Cre line was maintained as a hemizygous line on the C57BL/6J background
by breeding Cre+ males to C57BL/6J females. Only Cre+ males were used for these
experiments. Mice > 8 weeks old were injected with virus under stereotactic control into the
hippocampus. All anatomical, behavioral, and physiological experiments were conducted 2-4
weeks following injection. All procedures were approved by the Institutional Animal Care and

Use Committee at Columbia University and the New York State Psychiatric Institute.

Virus constructs

AAV5- EF1lo-FLEx-eYFP-WPRE-hGH (4 x 10" virus molecules mlI™) was injected to
label CA2 pyramidal neurons and trace their axons. (EnvA)SAD-AG-mCherry (1 x 10°
infectious particles ml™) pseudotyped rabies virus was produced as previously described
(Wickersham et al., 2010) and used to label monosynaptic inputs to CA2. This virus can only
infect cells expressing the TVA receptor (Wickersham et al., 2010; Watabe-Uchida et al., 2012).
Before rabies virus injection, AAV5- EFla-FLEX-TVA-mCherry-WPRE-hGH (Watabe-Uchida

etal., 2012) (3 x 10" virus molecules mI™) was injected to express TVA in CA2. To permit
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retrograde synaptic transport of the AG virus, AAV5- CAG-FLEx-rabiesG-WPRE-hGH
(Watabe-Uchida et al., 2012) (2 x 10" virus molecules mlI™) was co-injected with the TVA virus
to express G in CA2. The aforementioned AAVs were obtained from the University of North
Carolina vector core. To specifically excite CA2 pyramidal neurons, AAV5- EFla-FLEX-
hChR2(H134R)-EYFP-WPRE-hGH (2 x 10" genome copies mI™) was injected to express ChR2
in the CA2 neurons. This vector was obtained from the University of Pennsylvania (UPenn)
vector core. To ablate CA2 pyramidal cell output, tetanus neurotoxin light chain (TeNT) was
expressed selectively in these cells. A Cre-dependent AAV vector carrying eGFP-TeNT was
created by PCR amplifying eGFP-TeNT from pTRE2-eGFP-TeNT-PEST19 and subcloning it
into pAAV- EFla-DI0-hChR2-mCherry-WPRE (Addgene plasmid 20297) between the Nhel
and Ascl sites in the inverse orientation. The resulting vector, pAAV- EFla-FLEX-eGFP-TeNT-
WPRE-hGH was sent to the UPenn vector core for custom production of AAV5- EFlo-FLEX-

eGFP-TeNT-WPRE-hGH (1 x 10** genome copies ml™).
Stereotaxic injection

Mice were anesthetized with isoflurane (2-5%) and placed in a stereotaxic apparatus
(Digital Just for Mice Stereotaxic Instrument, Stoelting). The head was fixed, and the skull was
exposed. Burr holes were made and a glass micropipette (Drummond Scientific) was slowly
lowered into the hippocampus at -1.6 mm anteroposterior, £1.6 mm mediolateral, and -1.7 mm
dorsoventral relative to bregma. The pipettes were formed with 20 um diameter tips using a P-
2000 laser puller (Sutter Instrument). For the mouse line validation, anterograde tracing, and
behavioral experiments, 180 nl of virus was pressure injected into each hemisphere. For the

retrograde tracing experiments, 180 nl of a 1:5 mix of AAV expressing TVA and AAV
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expressing rabies G was injected unilaterally. For the electrophysiological experiments, 360 nl of
a 1:1 mix of ChR2 AAV and either YFP or TeNT AAV was injected. After injection, the pipette
remained in place for 5 minutes and then was slowly retracted. The mice were placed on a
heating pad (TR-200, Fine Science Tools) throughout the duration of the surgery. Following
injection, the scalp was sutured, saline was administered subcutaneously, and buprenorphine
(0.05-0.1 mg/kg) was administered intraperitoneally for analgesia. The mice were placed under
heating lamps during recovery from anesthesia. For the retrograde tracing experiments, these
procedures were repeated two weeks after the initial AAV injection to inject 360 nl of
(EnvA)SAD-AG-mCherry rabies virus. To test the specificity of the rabies virus, a subset of
animals was injected with 360 nl of the (EnvA)SAD-AG-mCherry rabies virus without prior
injection of AAVs expressing TVA and G. All injections were verified histologically. No
injections were mistargeted, hence no subjects were excluded from analysis due to injection

failure.

Immunohistochemistry and confocal microscopy

Mice were administered ketamine/xylazine (150 mg/kg, 10 mg/kg) and transcardially
perfused with ice-cold PBS followed by ice-cold 4% PFA in PBS. Brains were postfixed
overnight in 4% PFA in PBS and 50um slices were prepared (Vibratome 3000 Plus, The
Vibratome Company). Antigen retrieval (Jiao et al., 1999) was performed for RGS14 staining.
Briefly, free-floating sections were incubated at 80°C for 30min in 50mM sodium citrate (pH =
8.5). Slices were permeabilized with 0.2% Triton X-100 in PBS and blocked with 10% goat
serum in PBS. The sections were incubated at 4°C overnight in primary antibody (1:50 dilution,
73-170, NeuroMab). For GABA staining, sections were permeabilized and blocked as above and

then incubated in primary antibody (1:500 dilution, A2052, Sigma-Aldrich) at 4°C overnight.
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Sections were washed the following day and incubated for 2h with Alexa 555 or 647 secondary
antibody (1:500 dilution, A21422, A21428, or A21245, Invitrogen) and NeuroTrace (1:500
dilution, N21479 or N21483, Invitrogen). Slices were then mounted with either Prolong Gold
(P36930, Invitrogen) or VECTASHIELD (H-1000, Vector Laboratories) and imaged. An
inverted laser scanning confocal microscope (LSM 700, Zeiss) was used for fluorescence
imaging followed by analysis in ImageJ (Rasband, 1997). For cell counting experiments, every

sixth slice throughout the extent of the dorsal hippocampus was examined.
Electrophysiology

2-3 weeks following AAYV injection, mice were anesthetized with isoflurane (5%) and
transcardially perfused with an ice-cold dissection solution that contained (in mM): 10 NaCl, 195
sucrose, 2.5 KClI, 10 glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 Na Pyruvate, 0.5 CaCl2 and 7
MgCI2. The hippocampi were dissected out and 400 pum slices were cut (VT1200S, Leica)
perpendicular to the longitudinal axis of the hippocampus. The slices were then transferred to a
chamber containing a 1:1 mixture of dissection solution and artificial cerebrospinal fluid (aCSF).
The aCSF contained (in mM): 125 NaCl, 2.5 KCI, 22.5 glucose, 25 NaHCO3, 1.25 NaH,PO,, 3
Na Pyruvate, 1 Ascorbic Acid, 2 CaCl, and 1 MgCl.,. Slices were incubated at 30 °C for 30
minutes and then at room temperature for at least 1.5 hours before recording. Slices were
transferred to a recording chamber (Warner Instruments), perfused with aCSF, and maintained at
33 °C. All solutions were saturated with carbogen (95% O, and 5% CO,). Whole-cell recordings
were obtained from pyramidal neurons with a patch pipette (3—5 MQ) containing (in mM): 135
KMeSO,, 5 KCI, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine at pH
7.2 and osmolarity of 280—-290 mOsm. Series resistance, which was always less than 30 MQ,

was monitored and compensated throughout the experiment. Cells with a 15% or greater change
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in series resistance were excluded from analysis. To activate ChR2, 2 ms pulses of blue (470 nm)
light (M470L2-C1, Thor Labs) were delivered through a 20X objective. Light power from the
objective was measured with a power meter (PM100D, Thor Labs). The objective was centered
on the neuron that was being recorded during the experiment. For the CA2 cell-attached
recordings, a gigaohm seal was made and action currents were measured in voltage-clamp mode
(cell clamped at -70 mV) while 5 pulses of blue light were delivered. For the input-output curves,
whole-cell recordings were made from CAL cells in current-clamp mode and the objective was
centered on the patched CA1 neuron. This provided illumination over stratum oriens (SO),
stratum pyramidale (SP), and stratum radiatum (SR) thus activating the CA2 projections to CA1

that course through SO and SR.

Behavioral tests

Mice were housed 2-5 per cage and were given ad lib access to food and water. They
were kept on a 12h (6 a.m. to 6 p.m.) light-dark cycle in a room maintained at 21 °C. All tests
were conducted during the light cycle. Mice were habituated to handling and transport from the
colony room to the behavioral room for 3 days before behavioral tests were begun. Mice were
given 1 hour to habituate after transport to the behavioral room before any tests were conducted.
The experimenter was blind to the treatment groups. The control group (CA2-YFP) was injected
with AAV5- EFla-FLEXx-eYFP-WPRE-hGH while the CA2-inactivated group (CA2-TeNT) was
injected with AAV5- EFla-FLEX-eGFP-TeNT-WPRE-hGH. To blind the experimenter, virus
aliquots were stored as pairs of coded cryotubes. Half of the mice in each home cage were
injected with the YFP virus, while the other half were injected with the TeNT virus. The identity

of the groups was revealed only after testing was completed. For the elevated plus maze, novel
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object, Morris water maze, and 3-chamber tests, mice were tracked with an overhead FireWire
camera (DMK 31AF03-Z2, The Imaging Source) and ANY-maze (Stoelting). Freezing during
fear conditioning was tracked with a Fire-i (unibrain) camera and analyzed with ANY-maze
(Stoelting). All apparatuses and testing chambers were cleaned with 70% isopropanol wipes

(VWR) between animals unless otherwise indicated below.
Open field

Mice were placed in an open field (ENV-510S, Med Associates, Inc.) for 30 minutes and
locomotor and rearing activity was monitored via IR beam breaks and recorded by the Activity
Monitor (Med Associates, Inc.) software. The entire apparatus was enclosed in a sound

attenuating cubicle.
Elevated plus maze

Mice were placed in the center of a maze (Stoelting) constructed in the shape of a plus
with two enclosed arms (15 cm high walls) and two open arms. The maze was elevated 40 cm
from the ground. Mice were allowed to explore the maze for 8 minutes. Entry into an arm was

scored only after 85% of the animal’s tracked body area was in the arm.
Novel object

Two variations of the novel object task were run. Both were conducted in a 50 cm long x
25 cm wide x 30.5 cm high arena. For both tests, the snouts of the mice were tracked and object
interaction was measured as time spent with snout within 2 cm of the object. The objects (a glass
chess piece, a small metal lock, and a small plastic box) were secured to the arena with

neodymium magnets to render them immovable. In the first variation, mice were habituated to
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the arena and objects 1 and 2 over the course of four 5 minute trials separated by an intertrial
interval (ITI) of 10 minutes. Mice were then tested for object recognition memory 1 hour after
the fourth trial during the 5-minute-long fifth trial. Either object 1 or object 2 (counterbalanced)
was swapped for object 3 during the fifth trial. In the second variation of this test, the mice were
habituated to the empty arena for 10 minutes each day for 3 consecutive days. On day 4, the mice
were exposed to a pair of either object 1 or object 2 for 5 minutes. Object recognition memory
was tested 1 hour after this trial by exposure to objects 1 and 2 for 5 minutes. In both protocols,
object recognition memory was measured as the increased time spent investigating the novel

object.

Morris water maze

The Morris water maze task was run over the course of 14 days in a 120 cm diameter
pool filled with water that was opacified with non-toxic white paint (Prang tempera paint,
VWR). The water was maintained at 19-20 °C. Four 1 minute trials were administered per day,
and mice were run in groups of 8. On days 1-2, cued learning was conducted. During this
procedure, mice were trained to find a circular platform (10 cm in diameter) submerged 1 cm
below the surface of the water and marked with a flag. Distal cues in the room were obscured by
a black curtain that encircled the tank. The mouse was removed from the tank and returned to its
home cage 15 s after locating the platform. If a mouse failed to locate the platform during the
minute-long trial, it was gently guided towards the platform. The mice were released from
different start points at the beginning of each trial, and the platform location also varied between
trials. On days 3-7, the flag was removed from the platform, rendering it hidden, and the curtains
were removed, which allowed the mice to now use distal cues to locate the hidden platform. The

platform was kept in the middle of the SW quadrant of the maze during days 3-7. On day 8,
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spatial memory was assayed with a 1min probe trial in which the platform was removed.
Reversal training was conducted on days 9-13 with the platform now hidden in the NW quadrant.
Spatial memory of the novel location was tested with a 1min probe trial on day 14. Release and

platform locations were adapted from previous studies (\Vorhees et al., 2006).
Fear conditioning

A 3-day delay fear conditioning protocol was employed to test hippocampal-dependent
contextual fear memory and amygdala-dependent auditory fear memory. On day 1, the mice
were placed in an enclosure (17 cm x 17 cm x 25 cm) with a steel grid floor. This enclosure was
located in a sound-attenuating chamber that contained a FireWire camera, light, and speaker. On
day 1, the enclosure was outfitted as context A which consisted of 3 plexiglass walls and 1
opaque wall with black and white stripes. 1% acetic acid was placed as the dominant odor, and
the house fan was turned on. The enclosure was cleaned with 70% isopropanol between animals.
Mice were moved from their home cage to a transfer cage with no bedding and after 15-20s were
placed in the fear conditioning chamber. After 150s, a tone (30s, 2.8 kHz, 85 dB) was played and
co-terminated with a shock (2s, 0.7 mA). Mice were removed from the chamber 30s after the
shock. On day 2, contextual fear memory was assayed by placing the mice back in context A for
300s. On day 3, the mice were brought to the testing room that was now dimly illuminated with
red light. The mice were placed in context B, which consisted of an enclosure with 3 solid gray
colored walls, 1 plexiglass wall with a circular door, and a red, flat plastic roof. The floor of the
enclosure was a white piece of plastic, 0.25% benzaldehyde was the dominant odor, and the
enclosure was cleaned between animals with Vimoba. Mice were first moved from their home

cage to a circular bucket and then to the testing chamber. After 180s, the tone from day 1 was
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sounded for 60s. Percent time spent freezing (defined as the absence of all movement except for

respiration) was measured throughout these experiments and served as an index of fear memory.
Buried food test

To ensure palatability of the food, mice were given 1g reward treats (FO5472-1, Bio-
Serv) in their home cages one day before testing. All pellets were consumed. The mice were then
food deprived for 18 hours before the test to improve sensitivity (Yang and Crawley, 2009). A
treat was hidden under 1.5cm of standard cage bedding, a mouse was placed in the cage, and the

latency to consumption of the treat was recorded.
Olfactory habituation/dishabituation test

This test was run as previously described (Yang and Crawley, 2009) with the exclusion
of the first 3 trials in which a water-soaked cotton swab is presented. A trained observer

measured and recorded olfactory investigation of the odorant-soaked cotton swab.
Sociability and social novelty

This test was performed as previously described (DeVito, et al. 2009). Briefly, mice were
placed in an arena divided into 3 equal-sized compartments by plastic mesh. Onday 1, a5
minute sociability trial was conducted. A littermate was placed in the left or right compartment
(systematically alternated) and the test subject was placed into the center compartment. The time
the test subject spent investigating each compartment (snout within 2cm of the mesh barrier) was
measured and a difference score was computed. On day 2, a 5 minute social novelty test was
conducted in which a littermate was placed in either the left or right compartment, and a novel

animal (C57BL/6J, 3-month-old, male) was placed in the other compartment. The test subject
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was placed in the center compartment, investigation time was measured, and a difference score,

determined by subtracting the time spent investigating the two compartments, was computed.
Direct interaction

This test was adapted from Kogan et al., 2000. Under low light (12 lux), mice were
placed in a standard clean cage and a novel mouse (C57BL/6J, 4-5-week-old, male) was
introduced. Activity was monitored for 5 minutes and scored online for social behavior
(anogenital and nose-to-nose sniffing, following, and allogrooming) initiated by the test subject.
After an ITI of 1 hour, the test was run again with either the previously encountered mouse or a
novel mouse. The time spent in social interaction during trial 1 was subtracted from the social

interaction time during trial 2 to obtain the difference score.
5-trial social memory assay

This test was run as previously described (Ferguson et al., 2000; Bielsky et al., 2004).
Briefly, subject mice were individually housed for 7 days prior to testing. On the day of testing,
the subjects were presented with a 10 week old CD-1 ovariectomized female mouse for 4

successive 1 minute trials. On the fifth trial, a novel stimulus animal was presented.
Statistical Analysis

Prism 6 (GraphPad) was used for statistical analysis and to graph data. Statistical
significance was assessed by two-tailed unpaired Student’s t-tests, 2-way ANOVA, or 2-way
repeated measures ANOVA where appropriate. Significant main effects or interactions were
followed up with multiple comparison testing using Holm-Sidak’s correction. Results were
considered significant when P < 0.05. o was set equal to 0.05 for multiple comparison tests.
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