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ABSTRACT
The Role of the Ventral Hippocampus in Anxiety-Related Behavior
Jessica Jimenez

The hippocampus is traditionally thought to transmit contextual information to limbic structures
where it acquires valence. Using freely moving calcium imaging and optogenetics, we show that
while the dorsal CA1 subregion of the hippocampus is enriched in place cells, ventral CA1
(vCA1) is enriched in anxiety cells that are both activated by anxiogenic environments and
required for avoidance behavior. Imaging cells defined by their projection target revealed that
anxiety cells were enriched in the vCA1 population projecting to the lateral hypothalamic area
(LHA), but not to the basal amygdala (BA). Consistent with this selectivity, optogenetic
activation of vCA1 terminals in LHA, but not BA increased anxiety and avoidance, while
activation of terminals in BA, but not LHA impaired contextual fear memory. Thus, the
hippocampus encodes not only neutral but also valence-related contextual information, and the
vCA1-LHA pathway is a direct route by which the hippocampus can influence innate anxiety
behavior.
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Chapter 1

Introduction
Over the past century, the medical field has tremendously advanced the treatment of human
disease, significantly reducing the morbidity of common illnesses and almost doubling our
average life expectancy (Zijdeman, 2014). Nevertheless, our understanding and treatment of
mental illness have not benefited from similar progress, and mental illness remains the number
one cause of disease burden and disability worldwide (WHO, 2008). Of mental illnesses, anxiety
disorders are the most prevalent, affecting up to 18% of adults in the United States annually
(Kessler et al., 2005). Still, a basic understanding of how anxiety behavior is generated by the
brain and how those neural circuits become disordered in psychiatric illness remains lacking.
Therefore, a major effort in current psychiatry and neuroscience research, including the content
of this thesis, is aimed at furthering our understanding of the neural basis of anxiety to facilitate
the development of improved treatment strategies and disease prevention.
1.1 Excessive threat detection: a common feature across anxiety disorders
Anxiety is an emotion caused by an uncertain outcome, characterized by worry, tension, and
physiologic changes such as increased blood pressure and heart rate. Under normal conditions,
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anxiety is an adaptive behavioral state which promotes avoidance of potential threats and
predators to increase survival. In contrast, an anxiety disorder is a disease state in which anxiety
is excessive and inappropriate for the current environmental condition, causing a functional
impairment of daily life. Anxiety disorders in humans are comprised of a diverse set of disease
types and symptomatology, yet they exhibit common features which are notable for our
understanding of disease pathophysiology.
The most common of these features is the overestimation of potential threat, where benign
environmental conditions elicit disabling and pervasive anxiety and avoidance. For example, in
Post-Traumatic Stress Disorder (PTSD), patients react to innocuous environmental cues that
remind them of a previously traumatic experience (Duval et al., 2015). In Generalized Anxiety
Disorder (GAD) and Social Anxiety Disorder (SAD), excessive worry and anxiety is experienced
over normal daily life and social situations, which leads patients to avoid critical work and social
settings. Excessive threat estimation leading to unnecessary avoidance behavior is evident in all
of these disorders despite the heterogeneity of environmental triggers they are associated with.
Therefore, investigation of the neural circuits that assess potential threats and that promote
avoidance behavior may provide critical insight to how anxiety disorders arise.

1.2 The neural basis of anxiety- involvement of the hippocampal formation
Over the past several decades, anatomical and functional imaging studies in humans have
highlighted several brain regions that are abnormal in patients suffering from anxiety disorders.
The most prominent and well-validated of these structures are the septohippocampal system,
amygdala, medial prefrontal cortex (mPFC), hypothalamus, and the bed nucleus of the stria
terminals (BNST), which are organized in highly interconnected, reciprocal circuits (Figure 1.1)
(Calhoon and Tye, 2015; Duval et al., 2015).
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Figure 1.1: Neural circuits implicated in anxiety (Calhoon and Tye, 2015)
Neural circuits that have been implicated in anxiety-related behavior in the rodent brain are highly
interconnected and reciprocal circuits which converge on brain stem structures (periaqueductal
gray (PAG), parabrachial nucleus (PB)) or the hypothalamus to elicit changes in behavior. The
hippocampus (HPC), bed nucleus of the stria terminalis (BNST), amygdala (both the central
amygdala (CeA) and basolateral amygdala (BLA)), lateral septum (LS), and hypothalamus have
been shown to be critical in the maintenance of anxiety-related behavior, fear, and stress.
responses.

Of these structures, the amygdala, BNST, and hypothalamus can elicit anxiety-related behaviors
via direct outputs to brainstem structures like the periaqueductal gray and parabrachial nucleus.
Moreover, the hypothalamus itself can trigger stress responses associated with anxiety and fear
via the hypothalamic-pituitary-adrenal (HPA) axis which controls stress hormone release and
regulation (Herman et al., 2005; Ulrich-Lai and Herman, 2009; Ziegler and Herman, 2002).
Somewhat more surprising are the studies implicating the hippocampal formation, as the
hippocampus is classically studied for its important role in learning and memory processes. Still,
reduced hippocampal volumes have been described in patients suffering from GAD, SAD, and
PTSD (Hettema et al., 2012; Irle et al., 2010; Kuhn and Gallinat, 2013; Woon et al., 2010), and
PTSD symptom severity is positively correlated with hippocampal activation (Brohawn et al.,
2010). Moreover, small hippocampal volumes were shown to increase vulnerability for PTSD
development (Gilbertson et al., 2002), further supporting a link between hippocampal dysfunction
and anxiety disorders.
3

Despite the accumulation of evidence implicating these brain structures in anxiety disorders,
these studies are based on correlations alone. Therefore, model organisms must be used to test
the causal role of these structures in mediating anxiety behavior, as functional manipulations can
be conducted in these systems. Thus far, modeling human psychiatric illness in an animal subject
has presented major challenges and limitations, as these diseases are characterized by complex
social and behavioral impairments. However, these limitations can be partially overcome by
exploiting common features across anxiety disorders such as excessive threat estimation and
avoidance as discussed above, as these features are fundamental and conserved across many
species.

1.3 Animal models of anxiety-related behavior
Over the past several decades, rodents have served as critical model organisms for studying the
neural basis of behavior. This is attributable to their considerable anatomical and functional
homology to humans, to major molecular and technical advances which have enabled the
manipulation and monitoring of their neural circuit function, and to the wide range of fundamental
behaviors that they exhibit. These fundamental behaviors include emotional and mood-related
behaviors such as anxiety and fear. Importantly, anxiety and fear are considered distinct
behavioral states which elicit unique behavioral and physiological responses (Blanchard and
Blanchard, 1990; Davis, 1998)- with anxiety defined as a behavioral response to distant threats
that are uncertain, while fear is defined as a behavioral response to proximal threats (i.e. either
fear or anxiety behaviors are elicited depending on the “defensive distance” of the threat,
(Blanchard and Blanchard, 1990)). Rodents exhibit robust avoidance of environments that are
innately recognized as harboring potential and distant threats, such as brightly-lit, open exposed
spaces where they are more visible to predators. These innately threatening environmental
features have therefore been utilized in the laboratory setting to elicit avoidance behavior as a
4

proxy for anxiety state. Such features are present in conflict-based approach-avoidance tasks like
the Elevated Plus Maze (EPM), Open Field Test (OFT), and Light-Dark Box test (LDB).
Conflict-based approach-avoidance tasks exploit two conflicting motivational states to assess
levels of anxiety, placing the rodent’s exploratory drive against the innate drive to avoid danger.
In these tasks, rodents are allowed to freely explore an environment that contains both a relatively
“safe” zone and a more threatening “danger” zone. The amount of time that rodents spend
exploring these dangerous regions is a readout of the outcome of the competing drives- higher
anxiety states result in avoidance of “dangerous” zones, and lower anxiety states permit
competing exploratory drives to dominate behavior (Figure 1.2, (McNaughton, 2011)).

Figure 1.2: Miller’s model of conflict-based approach vs
avoidance behaviors (from McNaughton 2011)
In conflict-based tasks, motivations promoting approach
behavior are in direct competition with negative conditions
that promote avoidance. The resulting behavioral output is
the behavioral state with the net dominant motivational drive.
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In the EPM, these contrasting safety and danger zones are established with a two arm-type maze,
where the “safe” closed arms contain tall walls and low-lighting, and the “dangerous” open arms
are brightly-lit, exposed (no walls), and elevated (Figure 1.3, (Calhoon and Tye, 2015)). Similarly,
in the OFT, mice tend to avoid the brightly-lit, exposed center region of the arena, preferring
instead to spend their time in the safety of the walled periphery (Figure 1.3). Importantly, these
tasks have been validated as useful proxies for anxiety-related behavior, as administration of
anxiolytic medications increases time spent exploring the anxiogenic open arm compartment of

Figure 1.3: Rodent models of anxiety-related behavior (From Calhoon and Tye, 2015)
The elevated plus maze, elevated zero maze, open field test, and light dark box assays are conflict-based
avoidance tasks which are all characterized by both safe and dangerous regions which animal subjects are free to
explore. Rodents innately avoid the dangerous regions in these environments, which are characterized by similar
innately threatening spatial features such as bright lighting and open spaces where potential predation elicits
avoidance behavior.
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the EPM and center of the OFT (see (Gray, 1982) for a detailed summary of pharmacological
studies). Moreover, functional manipulations of several brain structures implicated in human
anxiety studies have produced reliable changes in avoidance behavior in these tasks (see
(Calhoon and Tye, 2015) for a detailed review).
A key feature of these tasks is that internal exploratory drives are in conflict with the drive to avoid
the perceived threat. Notably, the idea of conflict serving as a necessary component for the
generation of anxiety has emerged as an important operational definition of anxiety behavior.
McNaughton and Gray have proposed that anxiety only arises when aversive or threatening
environmental conditions conflict with other goal-directed behaviors, such as the desire to explore
a novel environment (Gray, 1982; McNaughton and Corr, 2004). Anxiety therefore arises from the
behavioral conflict between the motivational drives directly. Therefore, conflict-based avoidance
tasks in rodents satisfy both the defensive distance and conflict components of anxiety, with the
avoided regions of these tasks containing only distant threats (no certainty of predators or danger
is present in these zones of the environment), and the desire to explore these regions is in direct
competition with the desire to avoid those potential threats.
Interestingly, both defensive distance and motivational conflict have been posited to be processed
by the septohippocampal system, as these processes are highly cognitive and memory systems
based (Gray, 1982). Indeed, the concept of defensive distance requires the appropriate
recognition of the imposing threat- a task that the hippocampus could execute considering the
complex multimodal sensory inputs that it is thought to integrate. Moreover, the process of
recognizing a motivational conflict has been proposed to be analogous to a recognition memory
or comparator system process within the hippocampus (Gray, 1982), whereby the hippocampus
recognizes novelty by comparing current sensory conditions (via direct sensory inputs), with
expected or previous sensory memories (via intra-hippocampal memory systems) (Brown and
Aggleton, 2001). However, how the comparator system model could extend to recognizing
conflicting motivational drives (rather than sensory novelty) within the hippocampus remains
7

unclear. Still, these operational definitions of anxiety provide insight into possible models by which
a cognitive structure like the hippocampus may contribute to anxiety-related behavior.

1.4 Classic anatomical and functional studies of the hippocampus
The implications for a hippocampal role in anxiety and mood-related behavior are particularly
intriguing considering that the hippocampus has been classically studied for its involvement in
contextual and spatial memory processes. The role of the hippocampus in memory formation was
uncovered by a human case study of an epileptic patient in the 1950s, Henry Molaison (H.M.),
who was unable to form new episodic memories after the surgical removal of his medial temporal
lobe (containing the hippocampal formation) (Squire, 2009). Since the studies describing memory
deficits in patient H.M., lesion studies of the hippocampus in rodents have revealed similar deficits
in contextual memory formation (Kim and Fanselow, 1992; Phillips and LeDoux, 1992). Further,
hippocampal lesions were also found to disrupt spatial memory tasks such as the Morris Water
Maze, where animals must recall the location of a hidden platform in a pool of water (Morris,
1981), as rodents with hippocampal lesions showed impairment in locating the hidden platform
(Morris et al., 1982). Building on these lesion studies, the discovery of hippocampal place cells,
which are neurons that are active in a particular region of space while an animal explores its
environment (O'Keefe, 1979), has established an entire field dedicated to investigating the
mechanisms by which hippocampal circuits can encode spatial information.
Considering the vast amount of literature of the HPC in highly cognitive tasks such as memory
formation and spatial navigation begs the question of how the same structure may also contribute
to anxiety and mood-related behaviors. An emerging mechanism for this dual role of the HPC in
both memory and mood-related processes is via functional heterogeneity along the anatomical
dorsal-ventral axis of the hippocampus, with dorsal HPC specializing in context and spatial
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memory processes and ventral HPC specializing in mood-related behaviors (Fanselow and Dong,
2010; Strange et al., 2014). Despite a large body of work supporting a dorsal-ventral HPC
functional segregation (which will be discussed in detail below), the role of the HPC in regulating
mood-related behaviors and in processing emotionally valent information is still not understood,
and is the core focus of this thesis.
The HPC is characterized by a stereotyped anatomical circuit configuration, referred to as the
trisynaptic circuit, which was first detailed by the pioneering neuroscientist Ramon y Cajal in the
1800s. The circuit consists of an information flow beginning with cortical inputs from the Entorhinal
Cortex (EC) which carry higher-order spatial and contextual information, synapsing onto dentate
gyrus (DG) granule cells and area CA3 pyramidal neurons via perforant path fibers (Figure 1.4).
CA3 pyramidal neurons in turn project to area CA2 and CA1 pyramidal neurons via Schaffer
collaterals, and it is through CA1 pyramidal neurons that extra-hippocampal projections are sent

& other
targets

CA2

Figure 1.4: The hippocampal trisynaptic circuit (adapted from (Deng et al., 2010)).
Information flows into the hippocampus via the perforant path (via lateral perforant path (LPP) and medial perforant
path (MPP) inputs from the Entorhinal Cortex (EC)), synapsing onto dentate gyrus granule cells which then synapse
onto CA3 pyramidal neurons. CA3 pyramidal neurons in turn synapse onto CA1 pyramidal neurons which are the
major output neurons of the HPC, sending axons to extra-hippocampal structures such as the EC and other targets
(CA1 outputs discussed in detail in Figure 1.5). The EC also sends inputs directly to CA1 pyramidal neurons
(bypassing the DG-CA3-CA1 pathway) via the temporoammonic pathway.
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to a vast number of other brain regions. It is currently thought that the different circuit components
along this pathway (DG, CA3, CA2, and CA1) contribute to unique aspects of memory processes
(Marr, 1971). Thus, elucidating how information is differentially represented and processed
between these units will be critical for understanding how the HPC contributes to these memory
formation.
1.5 Functional heterogeneity along the dorsal-ventral axis of the hippocampus
Although this basic trisynaptic circuit organization is present along the dorsal-ventral axis of the
HPC, a growing number of works have highlighted important differences superimposed on this
stereotyped circuit architecture. Gene expression gradients have been decribed along the
longitudinal axis of HPC, with some genes exhibiting restricted expression in either the dorsal or
ventral poles (Figure 1.5A) (Cembrowski et al., 2016a; Cembrowski et al., 2016b; Dong et al.,

A

B

D/V gene expression gradients

C

D/V input gradients

D/V spatial tuning differences

Figure 1.5: Heterogeneity along the dorsal-ventral axis of the hippocampus
(A) Gene expression gradients vary along the dorsal-ventral axis of the HPC, with some genes restricted to the dorsal
of ventral poles of CA1 (dorsally-restricted expressed genes shown in green, ventrally restricted shown in magenta;
4th panel is superposition of first 3 images; Adapted from (Cembrowski et al., 2016a)). (B) Inputs from the EC vary
along the dorsal-ventral axis, with ventromedial EC inputs biasing to the most ventral pole of HPC (blue gradients)
and dorsolateral EC inputs biasing the dorsal HPC axis (magenta gradients). Adapted from (Strange et al., 2014).
(C) Dorsal-ventral pyramidal neurons differ in their physiological properties, with dorsal HPC exhibiting higher spatial
tuning relative to ventral HPC (shown here in CA1 place cells, adapted from (Ciocchi et al., 2015)).
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2009; Leonardo et al., 2006). Moreover, differences in connectivty of input and output streams
have been described along the dorsal-ventral axis, with EC inputs to dorsal and ventral HPC
arising from different subregions of the EC (Figure 1.5B) (Dolorfo and Amaral, 1998; Strange et
al., 2014), and CA1 output streams highly varying by target structure between dorsal and ventral
poles (Figure 1.6) (Canteras and Swanson, 1992; Cenquizca and Swanson, 2006, 2007; Risold
and Swanson, 1997; Swanson et al., 1978; Tannenholz et al., 2014).
Importantly, the differences in CA1 output streams along the dorsal-ventral axis support a
specialization of dorsal HPC (dHPC) in spatial processes and ventral HPC (vHPC) in moodrelated behaviors. dHPC projections are limited to cortical association regions thought to mediate
context-associations and spatial memory processes (such as the retrosplenial cortex and
septum), while vHPC projections are highly biased to limbic structures that can directly alter
mood-related behaviors (such as the amygdala, BNST, hypothalamus, mPFC, and nucleus
accumbens (NAc)) (Figure 1.6).

Figure 1.6: Differential output streams along the dorsal-ventral hippocampus (from (Tannenholz et al., 2014)
Extrahippocampal projections arise largely from CA1 and subiculum pyramidal neurons, with a few CA3 projection
streams arising from the dorsal HPC. The dorsal HPC projects to the ventral hippocampus, and sends
extrahippocampal projections largely to regions associated with context-dependent cognitive processes, such as the
retrosplenial area (RSP), the anterior cingulate cortex, and the septum. In contrast, the ventral HPC sends dense
projections to many limbic structures which can directly alter mood-related behaviors, such as the medial prefrontal
cortex (mPFC), hypothalamus, amygdala, bed nucleus of the stria terminalis (BNST), and the nucleus accumbens
(nACC).
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This specialization has been further supported by functional studies demonstrating that lesions of
the ventral, but not dorsal HPC are anxiolytic with minimal effects on spatial learning (Bannerman
et al., 2002; Kjelstrup et al., 2002; Moser et al., 1995), while dorsal HPC lesions affect spatial
learning without affecting anxiety-related measures. Moreover, studies investigating the
contribution of the HPC to spatial processing have shown that place cells, which are believed to
contribute to a spatial representation of the environment, are more abundant, stable, and tuned
in dHPC relative to vHPC (Figure 1.5C) (Ciocchi et al., 2015; Jung et al., 1994; Keinath et al.,
2014; Royer et al., 2010).
1.6 Implications for a ventral hippocampal role in anxiety-related behavior
Several other studies conducting vHPC manipulations have found effects on anxiety-related
behaviors. For example, altering the activity or level of mature or immature neurons in the dentate
gyrus subregion of vHPC (Kheirbek et al., 2013; Samuels et al., 2015; Wu and Hen, 2014), altering
basal amygdala (BA) inputs to the vHPC (Felix-Ortiz et al., 2013), and altering vHPC outputs to
the lateral septum and medial prefrontal cortex (mPFC) (Kjaerby et al., 2016; Padilla-Coreano et
al., 2016; Parfitt et al., 2017), all show effects on anxiety behaviors. Still, how vHPC processes
emotionally valent stimuli, and how those representations are used to guide avoidance behavior
remains unknown.
When considering the diverse array of vCA1 output streams, vCA1 projections to the BA and
hypothalamus are of particular interest, as both of these target structures are critical for the
expression of anxiety-related behavior, fear, and stress responses (Canteras, 2002; Tovote et al.,
2015; Ulrich-Lai and Herman, 2009). Moreover, although projections from vHPC to the mPFC
have recently been shown to contribute to anxiety-related behavior, how vHPC represents
anxiogenic stimuli and modulates anxiety related behavior within subcortical pathways such as
the BA and hypothalamus is unknown.
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The BA has classically been studied for its important role in the formation of fear associationspairing sensory cues with aversive stimuli to elicit conditioned fear responses (LeDoux, 2000).
However, a large body of work has demonstrated that the BA is also involved in innate anxietyrelated behaviors. Functional imaging studies in anxiety disorder patients have demonstrated
hyperactivity in the amygdala (Duval et al., 2015), and altering BA activity in rodents can change
anxiety-related behavior in real time (Felix-Ortiz et al., 2013; Tye et al., 2011). Interestingly, direct
inputs from the BA to vHPC can bidirectionally modulate anxiety-related behavior (Felix-Ortiz et
al., 2013), suggesting that functional connectivity between the BA and vHPC is critical for the
maintenance of anxiety behavior. Still, the direct projection from vCA1 to the BA has only been
assessed in contextual fear conditioning paradigms (Xu et al., 2016), and the contribution of this
pathway to innate anxiety behavior is unknown.
The functional role of the vCA1 projection to the hypothalamus in anxiety-related behavior is even
more elusive, as the hypothalamus consists of an incredibly diverse set of subnuclei and celltypes that have vastly different effects on behavior (Canteras, 2002). This is further complicated
by the broad distribution of vCA1 projections within the hypothalamic subnuclei (Cenquizca and
Swanson, 2006). Still, despite this broad distribution, the hypothalamic subnuclei with the highest
density of vCA1 axons are the anterior hypothalamus and lateral hypothalamus, both of which
have recently been shown to modulate stress and avoidance behavior on acute time scales
(Anthony et al., 2014; Jennings et al., 2013; Kim et al., 2013). To date, studies of hippocampalhypothalamic circuitry interactions have been limited to effects on the HPA axis, wherein the HPC
elicits negative feedback control of the HPA axis presumably via glucocorticoid receptor pathways
(Jacobson and Sapolsky, 1991). How the direct vCA1 pathway to hypothalamic subnuclei
contributes to behavior in real-time, independent of slow changes due to stress hormone release
and regulation, remains unknown.
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1.7 Technical advances
Studying the role of the HPC in anxiety-related behaviors presents two major challenges: 1.
recording the activity of large networks of hippocampal neurons that are located deep in the brain
and are optically challenging to access, and 2. recording that activity in freely-moving animals so
that we are able to use classically studied conflict-based avoidance tasks.
Two major methods are commonly used to assess the activity of single units in vivo: in vivo
electrophysiology and calcium imaging. The former approach has been utilized for decades and
was critical for the discovery of many features of HPC physiology, yet it has several limitations.
First, it isolates only small numbers of independent units within the same preparation
simultaneously. Second, it does not permit spatial tracking of the same neural units across several
days to assess long-term coding patterns of individual cells. Finally, it is difficult to selectively
record from genetically-defined subsets of neurons. In contrast, calcium imaging allows for the
recording of hundreds of genetically defined neurons simultaneously through the selective
expression of fluorescent calcium indicators, which provide a proxy for underlying neural activity.
Since the spatial location of neurons can be visualized and matched across days, it also allows
for the tracking of individual units across long time scales. However, until recent technical
developments, this approach still presented major challenges for assessing HPC activity since
this structure is located deep in the brain, making it difficult to access optically. This limitation was
overcome by removing the overlying cortical tissue and inserting an imaging cannula, clearing an
imaging path to deep dCA1 and dDG (Danielson et al., 2016a; Dombeck et al., 2010; Dombeck
et al., 2007). Still, this approach did not allow for optical access to vHPC, which is located
significantly deeper than dHPC. In addition, these approaches used two-photon microscopy which
requires animals to be head-fixed into a large imaging apparatus, preventing simultaneous
imaging during freely moving behaviors.
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The recent development of gradient refractive index (GRIN) lenses and miniaturized microscopes
has completely revolutionized our ability to visualize neural activity in deep structures during
freely-moving behavior (Ghosh et al., 2011; Mukamel et al., 2009; Ziv et al., 2013). In this
preparation, a GRIN lens is implanted deep in the brain, allowing the visualization of structures
such as the ventral CA1 pyramidal layer. Moreover, a microscope of less than 2 grams in weight
can be used to record calcium activity from that lens, and can be head-mounted and freely carried
by mice during exploration of their environment.
In this study, we have utilized this novel technology to monitor the activity of deep limbic-projecting
vCA1 neurons in freely-moving conflict-based avoidance tasks. Moreover, we have
complemented this imaging technology with well-established optogenetic tools (Fenno et al.,
2011) which allow us to manipulate the activity of neuronal subpopulations through the expression
of genetically targeted light-activated opsins. These opsins can excite or inhibit neuronal activity
when illuminated with the appropriate wavelength of light, and allow us to functionally dissect the
behavioral contribution of these circuits to anxiety behavior.
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1.8 Overview
The work described in this dissertation has focused on elucidating the role of the ventral
hippocampus in anxiety-related behaviors. To assess this, we first characterized how vCA1
pyramidal neurons represent innately anxiogenic environments, and tested the behavioral
consequence of these activity patterns (Chapter 2). We found that vCA1 neurons are more active
in anxiogenic environments, and that this activity is necessary for avoidance of those regions. We
next determined which cell-types within the hippocampal circuit exhibited these anxiogenic
representations and whether they were stable across multiple environmental contexts (Chapter
3). We found that anxiogenic activity is stably represented via a rate coding preference in a
majority of vCA1 neurons across contexts. In contrast, dCA1 neurons displayed a higher degree
of spatial information, and showed little specialization for anxiogenic contexts. Next, we
determined which vCA1 output streams carried these anxiety representations to generate
avoidance behavior. Anatomical tracing studies revealed that vCA1 projections to the basal
amygdala and lateral hypothalamus arose from largely non-overlapping cell populations (Chapter
4). Moreover, we found that these cell populations were functionally distinct- vCA1 projections to
the lateral hypothalamus were both necessary and sufficient to control avoidance behavior, while
vCA1 projections to the basal amygdala were critical for contextual memory but not for anxietyrelated behavior (Chapter 5). Finally, we determined that anxiogenic representations were
enriched in the vCA1 projections to the lateral hypothalamus relative to the basal amygdala
pathway, suggesting that these pathways may differentially contribute to behavior via differences
in information routing at the level of vCA1 (Chapter 5). Taken together, these studies provide a
functional map of the activity signatures, cell-types, and long-range pathways by which the ventral
hippocampus can control avoidance behavior in innately anxiogenic environments.
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Chapter 2

Neural Representations of Anxiogenic Contexts
in the Ventral Hippocampus are Necessary for
Avoidance Behavior

Introduction
Fear and anxiety are emotional responses to perceived threats, with proximal threats eliciting fear
and distal threats eliciting anxiety. Under normal conditions, anxiety states promote adaptive
avoidance behaviors that are critical to safely navigating an environment. Execution of appropriate
avoidance behaviors requires the rapid recognition of threatening stimuli, and routing that
information to structures that can directly modulate these defensive behaviors. While avoidance
is adaptive under normal conditions, it can become maladaptive when responses are excessive
and inappropriate. In humans, a shared feature of a number of anxiety disorders is the
overestimation of threat, leading to enhanced avoidance (Jovanovic and Ressler, 2010; Kheirbek
et al., 2012). Yet the mechanisms and neural circuits by which normal adaptive avoidance
behaviors arise, and how these circuits become disordered in psychiatric illness remain elusive.
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The hippocampus (HPC) has recently become appreciated for its involvement in mood and
anxiety-related processes, as abnormal HPC activity and volume have been observed in patients
suffering from depression and anxiety disorders (Hettema et al., 2012; Irle et al., 2010; Kuhn and
Gallinat, 2013; Woon et al., 2010). Moreover, a growing literature of functional manipulations in
rodents have further supported a role for the HPC in emotional behaviors (Calhoon and Tye,
2015). This HPC contribution to mood-related behaviors is thought to be mediated by the
anatomical ventral axis of the HPC (vHPC), which sends direct projections via ventral CA1 (vCA1)
pyramidal neurons to a number of limbic structures that can directly alter emotional behaviors
(Canteras and Swanson, 1992; Cenquizca and Swanson, 2006; Risold and Swanson, 1997;
Swanson et al., 1978; Tannenholz et al., 2014).
One of the first direct demonstrations of vHPC involvement in anxiety-related behaviors was a
rodent lesion study, in which lesions of the vHPC were found to be anxiolytic, increasing time
spent in the anxiogenic open arms of the EPM (Kjelstrup et al., 2002). Since then, several other
studies with vHPC manipulations have found effects on anxiety-related behaviors, including
altering the activity or level of neurogenesis in the dentate gyrus subregion of vHPC (Kheirbek et
al., 2013; Wu and Hen, 2014), altering basal amygdala inputs to the vHPC (Felix-Ortiz et al.,
2013), and altering vHPC outputs to the lateral septum and medial prefrontal cortex (mPFC)
(Kjaerby et al., 2016; Padilla-Coreano et al., 2016; Parfitt et al., 2017). In particular, (PadillaCoreano et al., 2016) found that optogenetically silencing vHPC axon terminals within the mPFC
was anxiolytic, reducing avoidance in the open arms of the EPM similar to that found in earlier
vHPC lesion studies.
Despite this body of work supporting a role for vHPC in anxiety-like behaviors, little is known about
how the vHPC represents emotionally salient information and how those representations
contribute to behavior. One study by (Ciocchi et al., 2015) recently described heighted activity in
vCA1 neurons during exploration of the anxiogenic open arm compartment of the EPM, however,
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what information this activity actually represents, and how it contributes to anxiety behavior
remains unknown. Therefore, elucidating how innately anxiogenic contexts are represented within
the vHPC will be critical to understanding how it may guide avoidance behaviors during conflictbased anxiety tasks.
In this Chapter, we first characterized the activity responses of vCA1 neurons during exploration
of innately anxiogenic and appetitive environments, and found that vCA1 neurons were more
active in the anxiogenic open arms of the EPM, but not to an appetitive novel object. Moreover,
the magnitude of this activity increase was tightly correlated with the anxiety state of individual
animals. We next tested whether this vCA1 activity increase contributes to anxiety-related
behavior, and found that optogenetically silencing vCA1 neurons during exploration of anxiogenic
zones decreased avoidance of those environments. These studies indicate that vCA1 is biased
to represent environments with anxiogenic valence, and that those representations are necessary
for avoidance behavior.

Results
vCA1 activity increases in anxiogenic environments
We first determined how vCA1 is engaged during exploration of innately anxiogenic environments.
We used microendoscopy to perform calcium imaging of GCaMP6f expressing vCA1 neurons in
freely moving mice. A gradient refractive index (GRIN) lens was implanted over the vCA1
subregion (Figure 2.1A, S2.1), and the Ca2+ indicator GCaMP6f was virally expressed (AAV1Synapsin-GCaMP6f) to visualize vCA1 Ca2+ activity as previously described (Resendez et al.,
2016; Ziv et al., 2013). This approach allowed us to record Ca2+ transient events in individual
vCA1 neurons in the same field of view (FOV) while mice freely explored multiple environments
(Figure 2.1B, see methods).
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Figure 2.1: Freely-moving Ca2+ imaging of vCA1 neurons
(A) Experimental design for vCA1 freely-moving Ca2+ imaging. GCaMP6f was virally expressed and
a GRIN lens implanted to target the CA1 pyramidal layer (middle image). Representative FOV from
miniaturized microscope (std. dev. projection, right image). (B) Left, Extracted Ca2+ transients from
an example FOV in vCA1. Right, inset of Ca2+ transients from 5 example neurons.
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We first imaged vCA1 activity during exploration of the Elevated Plus Maze (EPM), in which mice
elicited robust avoidance of the open arm compartment and engaged in infrequent head dipping
behaviors (Figure 2.2A, 2.2B), demonstrating the innately anxiogenic nature of the behavioral
paradigm.

Figure 2.2: Open arm and head dip exploration bouts in the EPM
(A) Distribution of EPM open arm visitation durations (in seconds) across all imaging mice. Inset, % total
time EPM open arm exploration during behavior session (Nmice=12). (B) Distribution of EPM head dip
behavior durations (in seconds), scored from a subset of imaging mice. Inset, % total time spent head
dipping during the EPM behavior session (Nmice=3).
All data error bars represent mean +/- SEM

We found that vCA1 neurons exhibited a significant increase in Ca2+ activity during exploration of
the anxiogenic open arm compartment as compared to the preferred closed arm compartment
(Figure 2.3A). These activity changes were mediated by both an increase in the rate and size of
Ca2+ transients while mice explored the EPM open arm (Figure 2.3B). Moreover, rate differences
between arm-type were not due to differences in mouse velocity between compartments, as open
and closed arm velocity distributions were similar across animals (Figure 2.4).
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Figure 2.3: vCA1 neurons exhibit increased Ca2+ activity in the open arms of the EPM
(A) Left, experimental design for imaging vCA1 Ca 2+ activity during exploration of the EPM. Right, Ca 2+ transient
area under the curve (AUC) per time (seconds) during open and closed arm exploration (Wilcoxon sign rank, Z=15.402, p<0.0001, Ncells=2,268). (B) Left, rate of vCA1 neuron Ca2+ transients was significantly higher in the EPM
open arms compared to closed arms (Wilcoxon sign rank, Z=-17.013, p<0.0001, Ncells=2,137). Right, Ca2+ transient
amplitudes are larger during open arm exploration compared to closed arm (Wilcoxon sign rank, Z=-2.032, p<0.05,
Ncells=2,120).
All data error bars represent mean +/- SEM

Figure 2.4: Locomotor velocities do not differ between
EPM open and closed arm compartments
Cumulative distributions of movement velocities between
open and closed arm compartments of imaged mice are
not significantly different (KS test p=0.0820, KS
stat=0.0327). Inset, median velocities per mouse in closed
and open compartments (paired t-test t(11)=-1.294,
p=0.2223 Nmice=12). Error bars represent mean+/- SEM.
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We next considered whether vCA1 heightened open arm activity was related to the change in
spatial features of the open arm compartment, rather than its aversive nature. To assess this, we
imaged vCA1 while mice explored a familiar open field arena, which included a spatially salient
novel object that elicited approach (Figure 2.5A). Unlike our findings in the open arms of the EPM,
exploration of the quadrant containing the novel object did not evoke increases in vCA1 activity
(Figure 2.5B), indicating that vCA1 neurons are biased to represent anxiogenic features of the
environment rather than changes in spatial salience.

Figure 2.5: vCA1 does not increase Ca2+ activity to an appetitive novel object
(A) Left, Novel object task design. Right, mice spend significantly more time exploring
the novel object than the neutral zone (paired t-test, t4=-8.594, p<0.01, Nmice=5). (B)
vCA1 Ca2+ transient rates are not significantly different between novel object and
neutral zone (Wilcoxon sign rank, Z=-0.125, p=0.9002, Ncells=677).
All data error bars represent mean +/- SEM

To better understand how vCA1 activity in the open arms of the EPM is related to anxiety-related
behavior, we next investigated if the magnitude of open arm evoked activity was correlated with
the anxiety level of individual animals. Interestingly, the magnitude of vCA1 open arm evoked
activity was tightly correlated with the degree to which mice avoided the open arms of the maze
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(a measure of baseline anxiety levels, see Ch. 1.3) (Figure 2.6A), with more anxious animals
exhibiting higher levels of activity.

Figure 2.6: vCA1 EPM open arm activity is correlated with the anxiety state of individual animals
(A) Mean Ca2+ transient rate difference (open-closed) across an FOV is correlated with the anxiety state of the subject
(% time in open arm) (linear regression, F(1,10)=13.467, p<0.01, R2=0.57, Nmice=12). (B) Rate of Ca2+ transients is
higher during headdip behaviors relative to open arm (Wilcoxon sign rank, Z=-7.251, p<0.0001, Ncells=400).
All data error bars represent mean +/- SEM

This effect was not driven by the sparsity of open arm behavioral samples relative to closed arm
samples, as similar effects were found after calculating closed arm rates from a matching number
of samples (Figure 2.7A). Moreover, when separated by arm-type, Ca2+ transient rates in the
closed arm had no correlation to anxiety state, while rates in the open arm were significantly
higher in more anxious mice (Figure 2.7B). This indicated that the correlation between Ca2+
transient rate difference in arm-types and anxiety state was driven by rate increases in the open
arm compartment, rather than by decreases in closed arm rates.
We next assessed whether Ca2+ activity changes would occur during anxiety-related behaviors
that do not involve changes in spatial location, and found that vCA1 activity further increased
when mice engaged in highly anxiogenic head dipping behaviors at the edges of the open arms
(Figure 2.6B). These results suggest that vCA1 generates representations of anxiogenic stimuli
via a rate code that is both correlated with baseline anxiety state and scales with the aversive
nature of the behavior.
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Figure 2.7: vCA1 open, but not closed arm, Ca2+
transient rate is correlated with anxiety state
(A) Correlation of mean FOV Ca2+ transient rate
difference (open-closed) and anxiety state per
subject (% time in open arm), with closed arm rate
calculated from a matching number of time samples
(median closed arm rate from 1000 random closed
arm time samples per cell, matched to the number
of open arm samples) (linear regression,
F(1,10)=11.528, p<0.01, R2=0.54, Nmice=12). (B)
Mean Ca2+ transient rate by arm type (normalized
by rate across entire session) versus the anxiety
state of the subject (% time in open arm). Left,
mean closed arm rate is not correlated with anxiety
state (linear regression, F(1,10)=0.127, p<0.01,
R2=0.01, Nmice=12). Right, mean open arm rate is
significantly correlated with anxiety state of
individual subjects (linear regression, F (1,10)=4.553,
p=0.0586, R2=0.31, Nmice=12).
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vCA1 EPM open arm activity is necessary for avoidance behavior
We next tested whether vCA1 open arm evoked activity was necessary for the maintenance of
open arm avoidance in the EPM. Mice were bilaterally injected in vCA1 with an AAV5-CaMKIIArchT-eGFP or control virus, and implanted with fiber optics in the same location (Figure 2.8A,
S2.2). We selectively triggered optogenetic silencing of vCA1 activity only when mice entered the
open arms of the EPM (Figure 2.8B). Remarkably, when compared to eYFP controls, vCA1-ArchT
silenced mice spent significantly more time exploring the open arms of the EPM (Figure 2.8B).
This effect was not due to changes in locomotor activity (Figure 2.9A), or increases in the number
of open arm visitations (Figure 2.9B).

Figure 2.8: vCA1 open arm activity is necessary for avoidance behavior in the EPM
(A) Bilateral optogenetic silencing of CamKII-Arch expressing vCA1 neurons. Bottom, Representative placement
of fiber optic. (B) Silencing vCA1 in the EPM open arm significantly increased % time exploration of the open arm
(laser was triggered-on when mice entered the open arm only; EPM ANOVA F(1,14)=6.184, p<0.05, NeYFP=9,
NArch=7). (C) EPM closed arm silencing had no effect on behavior (laser was triggered-on when mice explored the
closed arm only; EPM ANOVA F(1,19)=3.465, p=0.08, NeYFP=9, NArch=12).
All data error bars represent mean +/- SEM
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Figure 2.9: Silencing vCA1 in the EPM open arm does not affect locomotion or open arm entries
(A) Bilateral optogenetic silencing in the EPM open arm of CaMKII-Arch expressing vCA1 neurons. (B) Total distance
traveled is not effected by EPM open arm vCA1 optogenetic silencing (ANOVA total distance traveled F (1,14)= 2.248,
p=0.16). (C) Open arm entries is not effected by EPM open arm vCA1 optogenetic silencing (ANOVA open arm entries
F(1,14)= 1.524, p=0.24; NeYFP=9, NArch=7).
All data error bars represent mean +/- SEM

To assess whether these changes in anxiety-related behavior were specific to silencing open arm
evoked activity, or due to an inability of mice to recognize where they were in the maze, we then
selectively triggered laser stimulation only during closed arm exploration bouts of the Elevated
Zero Maze (EZM; a novel but comparable anxiety paradigm), and of the EPM on a second cohort
of mice (Figures 2.8C, 2.10A-C). In contrast to open arm silencing in the EPM, closed arm
silencing in the EZM and EPM caused no changes in anxiety behavior (Figures 2.8C, 2.10A-C).

Figure 2.10: Silencing vCA1 in the EZM closed arm does not alter avoidance behavior
(A) Bilateral optogenetic silencing of CamKII-Arch expressing vCA1 neurons. (B) Silencing vCA1 during exploration
of the closed arm of the EZM had no effect on % time exploration of the open arm (laser was triggered-on while
mice explored the closed arm only; EZM ANOVA F (1,13)=0.224, p=0.6441, NeYFP=8, NArch=7). (C) Total distance
traveled is increased by vCA1 EZM closed arm silencing (ANOVA F (1,13)=7.136 p<0.05, NeYFP=8, NArch=7).
All data error bars represent mean +/- SEM
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We next assessed whether these silencing effects on avoidance behavior were specific to the
EPM, in which arm-types are characterized by very different spatial features, or if similar effects
could be found in other avoidance assays. We ran mice in the OFT, and selectivity triggered laser
stimulation in the center zone of the arena which elicits strong avoidance under normal conditions.
Extraordinarily, vCA1-ArchT mice spent significantly more time exploring the center zone as
compared to eYFP controls (Fig. 2.11A, 2.11B), indicating that silencing vCA1 in anxiogenic
environments can robustly decrease avoidance behavior in multiple anxiety-related behavior
paradigms.

Figure 2.11: vCA1 center zone activity is necessary for avoidance behavior in the OFT
(A) Bilateral optogenetic silencing of CamKII-Arch expressing vCA1 neurons during exploration of the center of the
OFT increased the % time of center exploration (laser was triggered-on while mice explored the center zone only;
OFT ANOVA F(1,19)=4.606, p<0.05, NeYFP=9, NArch=12). (B) Total distance traveled is not effected by vCA1 OFT
center zone silencing (ANOVA F(1,19)=0.126 p=0.73, NeYFP=9, NArch=12). (C) vCA1 OFT center zone silencing does
not affect the number of center zone entries (ANOVA F(1,19)=1.220 p=0.28, NeYFP=9, NArch=12).
All data error bars represent mean +/- SEM

Finally, we assessed whether this effect could be due to any appetitive effects of light-induced
inhibition of vCA1 by testing mice in a real-time place preference assay (RTPP) in which they
received light illumination on one side of an otherwise identical two-chamber arena (Fig. 2.12A).
vCA1-ArchT and eYFP mice showed no preference for the light illumination chamber, indicating
that silencing vCA1 is not inherently appetitive (Fig. 2.12A-C). These data suggest that vCA1
heightened activity in anxiogenic environments promotes avoidance behavior.
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Figure 2.12: vCA1 silencing is not inherently appetitive in a real time place-preference assay
(A) Bilateral optogenetic silencing of CamKII-Arch expressing vCA1 neurons during exploration of a real time placepreference (RTPP) assay (laser was triggered-on when mice entered one side of the identical 2-chamber arena).
(B) Mice showed no preference for % time exploration of the stimulation side. (ANOVA F(1,13)=0.435, p=0.5211,
NeYFP=8, NArch=7) (C) vCA1 optogenetic silencing does not impact total distance traveled in the RTPP task (ANOVA
F(1,13)=2.066, p=0.1742, NeYFP=8, NArch=7).
All data error bars represent mean +/- SEM

Discussion
In this chapter, we find that vCA1 is biased to respond to innately anxiogenic environments, as
vCA1 increases activity during exploration of the open arm compartment of the EPM, but not to
an appetitive novel object, and the magnitude of this activity increase is correlated with the anxiety
state of individual animals. Further, our zone-specific optogenetic silencing experiments in the
EPM and OFT demonstrate that this increase in vCA1 activity in anxiogenic environments is
necessary for the expression of avoidance behavior.
Interestingly, vCA1 silencing during open arm and center exploration in the EPM and OFT did not
increase the number of visitations to those zones, but rather increased the time spent during
exploration bouts. Moreover, silencing of vCA1 in the RTPP task did not elicit a preference for
exploration of the laser stimulation side of the arena. These findings indicate that while vCA1
silencing is anxiolytic, it is not inherently rewarding as it does not stimulate animals to seek more
laser stimulation time. Rather, vCA1 silencing may reduce avoidance of the open arms and center
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of the EPM and OFT by reducing the perceived threat level of those environments, suggesting
that the increase in vCA1 activity may serve as a danger or cautionary signal. This is further
supported by the correlation between vCA1 activity level and % open arm exploration time, where
animals with the largest increases in vCA1 activity spend the least amount of time exploring the
open arms.
An alternative conclusion from these experiments is that silencing vCA1 activity is not inherently
rewarding in the absence of an anxiogenic context and heightened anxiety state (as in the RTPP
paradigm we used, where there is no anxiety to lyse). An interesting experiment to further probe
under what conditions vCA1 activity could alleviate anxiety would be to repeat the RTPP laser
stimulation task under high-anxiety state conditions, such as in the presence of a predator odor,
and test whether mice would exhibit a preference for vCA1 silencing to alleviate anxiety under
such high-anxiety conditions. If so, this would suggest that vCA1 silencing is inherently appetitive,
rather than vCA1 silencing decreasing the perceived threat level of the EPM open arms and OFT
center zones.
In view of the well-known role of the HPC in spatial memory and navigation, it is also important to
consider the possible effect of vCA1 silencing on the animal’s ability to recognize spatial features
in these anxiety tasks. Specifically, do vCA1 silenced animals spend more time exploring the EPM
open arms and OFT center regions due to an inability to recognize where they are, rather than
changing their threat perception of that environment. We find this possibility less likely, as
silencing vCA1 in the EPM and EZM closed arms had no behavioral effect in those tasks,
suggesting that mice were still able to recognize the spatial features and safety of the closed arm
compartments relative to the avoided open arms. Moreover, previous studies have found that
vHPC lesions do not impair behavior in the Morris Water Maze (Bannerman et al., 2002; Kjelstrup
et al., 2002; Moser et al., 1995), a cognitively challenging spatial memory task, suggesting that
vHPC is not necessary for spatial navigation.
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Another avenue to understand the nature of this anxiety-related activity signal in vCA1 would be
to elucidate how this signal is generated. Specifically, does this vCA1 anxiogenic representation
originate from within the HPC circuit, or is it provided directly by extra-hippocampal inputs. One
such possible extra-hippocampal source of this anxiogenic representation is the BLA, which
projects directly to vCA3 and vCA1, and whose inputs have recently been shown to impact
anxiety-related behaviors (Felix-Ortiz et al., 2013). However, this possibility is complicated by
single unit recordings, which have shown that BA neurons are preferentially active in the safe
closed arm compartment of the EPM, in contrast to vCA1 (Adhikari et al., 2015; Wang et al.,
2011). In addition, BLA neurons projecting to vCA1 were found to respond to cues of both positive
and negative valence (Beyeler et al., 2016), rather than biasing toward negative valence stimuli
as in vCA1.
Alternatively, this anxiogenic representation in vCA1 could arise via entorhinal cortex (EC) inputs
that are specialized to recognize specific environmental features that contribute to anxiogenic
contexts such as color change, differences in lighting, elevation, and lack of walls (Diehl et al.,
2017; Lu et al., 2013). Innate valence representations could thereby arise via selective routing of
these features to projection-defined vCA1 populations that modulate avoidance behavior. Thus,
future studies recording and controlling input regions will determine the relative contribution of the
EC, BLA, and upstream CA3 and dentate gyrus circuits in the generation of the anxiogenic signal
in vCA1.
Taken together, these findings suggest that vCA1 represents anxiogenic environments via a rate
coding preference that is necessary for avoidance behavior.
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Experimental Procedures
Animal Subjects
All procedures were conducted in accordance with the U.S. NIH Guide for the Care and Use of
Laboratory Animals and the New York State Psychiatric Institute Institutional Animal Care and
Use Committees at Columbia University. Adult male C57BL/6J mice were supplied by Jackson
Laboratory, and Vgat-IRES-Cre mice (Vong et al., 2011) were bred in-house on a C57BL/6J
background, and used at 8 weeks of age. Mice were maintained with unrestricted access to food
and water on a 12-hour light cycle, and experiments were conducted during the light portion.
Viral Constructs
For optogenetic manipulations, adeno-associated viruses (AAV5-CaMKIIa-hChR2(H134R)eYFP; AAV5-CaMKIIa-eYFP; AAV5-CaMKII-ArchT-GFP) were packaged and supplied by the
UNC Vector Core Facility at titers of ~4-8 x 1012 vg/ml. For calcium imaging, viruses (AAV1-SynGCaMP6f.WPRE.SV40; AAV1-Syn-Flex-GCaMP6f.WPRE.SV40) were packaged and supplied
by UPenn Vector Core at titers ~6 x 1012 vg/ml and viral aliquots were diluted prior to use with
artificial cortex buffer to ~2 x 1012 vg/ml.
Stereotactic Surgeries
For all surgical procedures, mice were anesthetized with 1.5% isoflurane at an oxygen flow rate
of 1 L/min, and head-fixed in a stereotactic frame (David Kopf, Tujunga, CA). Eyes were lubricated
with an ophthalmic ointment, and body temperature maintained at 37°C with a T/pump warm
water recirculator (Stryker, Kalamazoo, MI). The fur was shaved and incision site sterilized prior
to beginning surgical procedures, and subcutaneous saline and carpofen were provided perioperatively and for 2 days post-operatively to prevent dehydration and for analgesia.
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For in vivo Ca2+ imaging, mice underwent a single surgery in which 500nl of GCaMP6f virus was
injected unilaterally with a Nanoject syringe (Drummond Scientific, Broomall, PA) prior to
implanting a GRIN lens over the injection site. GRIN lenses were implanted with methods
previously described (Resendez et al., 2016). Briefly, a craniotomy centered at the lens
implantation site was made, and dura was removed from the brain surface and cleaned with a
stream of sterile saline and absorptive spears (Fine Science Tools (FST), Foster City, CA) prior
to lowering the GRIN lens (no tissue was aspirated out of site). 3 skull screws (FST, Foster City,
CA) were inserted in evenly spaced locations around the implantation site, and the lens was slowly
lowered in 0.1 mm DV steps and then fixed to the skull with dental cement (Dentsply Sinora,
Philadelphia, PA). For vCA1 imaging, a ~0.5 mm diameter, ~6.1 mm long GRIN lens was used,
and for dCA1 a ~1.0 mm diameter, ~4 mm long GRIN lens was used (Inscopix, Palo Alto, CA).
Viral injection coordinates were (in mm, from brain tissue at site): (vCA1: -3.16 AP, 3.25 ML, 3.85, -3.50, -3.25 DV) and lens coordinates were (in mm, from skull at craniotomy): (vCA1: -3.16
AP, 3.50 ML, -3.50 DV). At the completion of surgery, the lens was protected with liquid mold
rubber (Smooth-On, Lower Macungie, PA), and imaging experiments commenced 3 weeks later.
For optogenetic surgeries, mice underwent a single surgery in which 500nl of opsin virus was
injected into the vCA1 subregion with a Nanoject syringe as described above, prior to implanting
fiber optics at the target site. Fiber optics were made with procedures previously published
(Kheirbek et al., 2013), and were cut at ~5mm in length for implantation. A single skull screw was
implanted to allow for better adherence of the dental cement to the skull surface. Virus was
injected in vCA1 at the following coordinates for all optogenetic manipulations (in mm): (-3.16 AP,
3.30 ML, -3.85, -3.50, -3.00 DV from brain at craniotomy). vCA1 cell body silencing was done with
bilateral virus and fiber optic implantation at the following coordinates (in mm): (-3.20 AP, 3.35
ML, -3.50 DV from brain at craniotomy). For vCA1 cell body silencing, mice were allowed to
recover for 4 weeks prior to commencing behavior experiments.
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Behavioral Assays
Elevated Plus Maze
Mice were placed in a standard EPM sized maze (13.5” height of maze from floor, 25” full length
of each arm-type, 2” arm width, 7” tall closed arms, with 0.5” tall/wide ledges on the open arms),
with ~650 light lux centered over the open arms to promote avoidance. Mice were placed in the
center region of the maze, and were allowed to explore for 10 minutes while recording behavior
with a webcam EthoVision XT 10 (Noldus, Leesburg, VA) or a digital camera (Carl Zeiss), and
analyzed with EthoVision software or TopScan tracking software (Clever Sys, Reston, VA). For
ArchT-GFP silencing experiments, mice were run for 20 minutes in the EPM to allow for a
sufficient number of open arm entries/ laser triggering events.
Novel Object task
Mice were placed in a familiar arena (9.5 x 11 x 6” length-width-height) which they were allowed
to explore for 20 minutes on the previous day, in low light lux condition (~50 lux). Behavior during
the initial exposure to the arena was recorded and tracked with EthoVision XT 10 software, and
4 corner zones of equal size were drawn to determine the relative baseline preference for each
location (~6 x 5.5” length-width). During the novel object session, a novel object that elicited
approach (a funnel taped down with colored tape) was placed into the least preferred corner zone
of the arena (from day 1 tracking). Mice were allowed to explore the familiar arena for 10 minutes
and behavior was recorded with EthoVision XT 10 software and webcam.
Open Field Test
Mice were placed in an arena (22 x 22 x 16” length-width-height; Kinder Scientific, Poway, CA)
with bright light (~650 lux) centered over the center zone, and allowed to explore for 10 minutes
while behavior was recorded and analyzed with MotorMonitor software.
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Elevated Zero Maze
An EZM was designed with Tinkercad software and 3D-printed with Makerbot filament at the
Columbia University Engineering Library on a Makerbot printer with the following dimensions
(13.5” height of maze from floor, 21.5” outer diameter, 2” arm width, 6” tall closed arms, with 1 cm
tall/wide ledges on the open arms). Bright light was centered over the open arms (~650 lux), and
mice were allowed to explore the EZM for 10 minutes while recording behavior with EthoVision
XT 10 software and a webcam.
Real-Time Place Preference
Mice were placed in an identical 2-chamber arena (18.5 x 10 x 8” length-width-height) with
standard mouse bedding and low light lux, and allowed to freely explore both chambers for 20
minutes while behavior was recorded with EthoVision XT 10 software.
Freely Moving Ca2+ imaging
3 weeks after surgery, mice were checked for GCaMP expression with a miniaturized microscope
(Inscopix, Palo Alto, CA) and procedures previously described (Resendez et al., 2016). Mice were
briefly anesthetized with 1.5% isoflurane at 1 L/min oxygen flow, and head-fixed into a stereotactic
frame. The protective rubber mold was removed from the lens, and a magnetic baseplate was
attached to a microscope and lowered over the implanted GRIN lens to assess the FOV for
GCaMP+ neurons. If GCaMP+ neurons were visible, the baseplate was dental cemented in place
onto the mouse headcap to allow for re-imaging of the same FOV for several weeks. Once
baseplated, the same microscope was used for every imaging session with that mouse, and the
focal plane on the hardware of the miniscope was not altered throughout the imaging experiments
to ensure a constant FOV across sessions. Awake-behaving imaging sessions were commenced
the day after baseplating, and mice were briefly anesthetized (<5mins) in order to attach the
miniscope to the baseplate each imaging session day. Mice were allowed to recover from
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anesthesia for 30 minutes before beginning imaging. Ca2+ videos were recorded with nVista
acquisition software (Inscopix, Palo Alto, CA), and triggered with a TTL pulse from EthoVision XT
10 and Noldus IO box system to allow for simultaneous acquisition of Ca2+ and behavioral videos.
Ca2+ videos were acquired at 15 frames per second with 66.56 ms exposure. An optimal LED
power was selected for each mouse based on GCaMP expression in the FOV (pixel values), and
the same LED settings were used for each mouse throughout the series of imaging sessions.
Optogenetic Manipulations
Mice were handled and habituated to fiber optic adaptor cables for 3 days prior to commencing
behavioral experiments. For ArchT-GFP silencing experiments, ~10mW of constant light were
delivered via a 523nm 100mW laser (Opto Engine, Midvale, UT) to fiber optics implanted in mouse
brain using a fiber optic patch cable as previously described (Kheirbek et al., 2013). For closedloop ArchT-GFP silencing experiments, EthoVision XT 10 software and Noldus IO box system
were used to record live-tracking of mice while they explored the EPM, EZM, OFT, and RTPP
tasks. The laser was triggered-ON when mice were live-tracked in EthoVision in a pre-drawn
stimulation zone (open arms for EPM, closed arms for EZM, center for OFT, and a randomly
selected chamber for RTPP).
Histology and Confocal and Epifluorescent Microscopy
For all histology, mice were perfused transcardially with 4% (weight/volume) paraformaldehyde
in 1X phosphate buffer solution (PBS) and brains were then removed and post-fixed in 4% PFA
for 24 hours, after-which they were transferred to a 30% sucrose solution in PBS for 2 days.
Sucrose-saturated brains were then flash-frozen and sliced in 50um thick coronal sections on a
cryostat (Leica CM 3050S). Sections were incubated with 1:100 Hoechst in 1x PBS (Invitrogen,
Carlsbad, CA) for 10 minutes to label cell nuclei, and mounted and cover-slipped with ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA). Endogenous viral expression of fluorophores
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was used in all histology preparations (no immunolabeling was required to visualize fluorophores).
Histology slides were imaged on a (Leica TCS SP8) confocal microscope using a 10x or 20x
objective, or a (Zeiss Axiovert 200) epifluorescent microscope using a 2.5x or 10x objective.
Appropriate GRIN lens and fiber optic placements were determined by post-fixing brains with
head-caps and skulls intact for 1 week in 4% PFA to improve the clarity of the GRIN lens and fiber
optic tracts. Brains were then placed into 30% sucrose solution as described above, and slices
were collected in individual culture wells to maintain the accurate AP order sections for fiber optic/
lens placement reconstructions. Sections were then mounted in AP order, and the bottom location
of fiber optic tips and GRIN lenses were visually determined for each mouse by inspecting
sections on an epifluorescent microscope.
Image Processing
For whole-population (Synapsin promoter) imaging, image processing was performed using
Mosaic software (version 1.0.5b; Inscopix, Palo Alto, CA). Videos were spatially downsampled
by a binning factor of 4 (16x), and lateral brain movement was motion corrected using the
registration engine Turboreg (Ghosh et al., 2011; Ziv et al., 2013) which utilizes a single reference
frame and high-contrast features in the image to shift frames with motion to matching XY positions
throughout the video. Black borders from XY translation in motion correction were cropped, and
changes in fluorescence were detected by generating a ΔF/Fo video using a minimum z-projection
image of the entire movie as the reference Fo to normalize fluorescence signals to the minimum
fluorescence of pixels within the frame. Videos were then temporally downsampled by a binning
factor of 3 (down to 5 frames per second). Putative single cells and Ca 2+ signals were isolated
with an automated cell-segmentation algorithm that employs independent and principal
component analyses on ΔF/Fo videos (Mukamel et al., 2009). Identified putative cells were then
sorted via visual inspection to select for units with the appropriate spatial configuration and Ca2+
dynamics consistent with signals from individual neurons. Ca2+ transient events were then defined
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by a Ca2+ event detection algorithm which identifies large amplitude peaks with fast rise times and
exponential decays (parameters: tau=200ms, Ca2+ transient event minimum size= 6 median
average deviation). For Ca2+ transient AUC calculations, Ca2+ transients were defined with an
event detection algorithm similar to that described above, with Ca2+ events defined as transients
exceeding a 2 s.d. amplitude from a 0.5 s.d. baseline, lasting a minimum duration (calculated by
[-ln(A/Ao)/t_half] where Ao=0.5 and A= amplitude of that transient; t_half for GCaMP6f was
200ms, taken from (Chen et al., 2013)) before returning to a 0.5 s.d. baseline level. AUC of
transients was then calculated from onset-offset of the transient exceeding the 0.5 s.d. baseline.
Transient amplitudes were defined as the max s.d. value between defined transient onset-offset
periods. All detected Ca2+ transients were visibly inspected for each cell to verify accuracy.
Ca2+ Data Analysis
Ca2+ transient events and mouse behavior were analyzed with custom MATLAB (Mathworks,
Natick, MA) functions to calculate the rate of Ca2+ transients per cell while mice explored different
zones, and different XY spatial locations of the arena. Occupancy in different arena zones were
defined in EthoVision software and exported as a logical output at 30 frames per second. Behavior
data was downsampled to 5 frames per second to match Ca2+ transient data sampling, and logical
indexing was used to calculate Ca2+ transient rate in different behavioral conditions.
For calculating the closed arm rate from a matching number of samples to open arm behavioral
samples in Fig. 7A (the EPM Ca2+ transient rate change versus anxiety state regression), a
matching number of closed arm time bins were randomly sampled 1000 times from the total set
of closed arm behavioral time points, and the closed arm rate per cell was calculated across those
random samples. The median of the sample-matched closed arm rate distribution (per cell) was
then used for the control regression calculation in Figure 7A.
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Chapter 2 Supplementary Figures
Figure S2.1: GRIN lens placements of vCA1 imaged mice

Figure S2.2: Fiber placements of vCA1
optogenetic cell body silencing mice
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Chapter 3

Heterogeneous Valence Representations along
the Dorsal-Ventral Axis of the Hippocampus

Introduction
While the hippocampus (HPC) is known to be critical for cognitive processes such as episodic
memory and spatial navigation, it is also implicated in the pathogenesis of mood and anxiety
disorders. One way the HPC may contribute to both cognitive and mood-related processes is via
functional heterogeneity along its dorsoventral axis, with the dorsal HPC (dHPC) contributing to
cognitive functions such as learning and memory, and the ventral HPC (vHPC) modulating
emotional regulation (Fanselow and Dong, 2010; Strange et al., 2014). Lesions of the ventral, but
not dorsal HPC are anxiolytic, with minimal effect on spatial learning (Bannerman et al., 2002;
Kjelstrup et al., 2002; Moser et al., 1995), while dHPC lesions affect spatial learning without
affecting anxiety-related measures. In addition, recent optogenetic and pharmacological studies
indicate that manipulation of the vHPC itself, or its inputs and cortical outputs can directly impact
anxiety-related behavior (Felix-Ortiz et al., 2013; Kheirbek et al., 2013; Kjaerby et al., 2016;
Padilla-Coreano et al., 2016; Parfitt et al., 2017; Samuels et al., 2015; Wu and Hen, 2014).
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In addition to functional studies which have demonstrated heterogeneity between dorsal and
ventral HPC, anatomical studies indicate that CA1 pyramidal neurons send long-range projections
to vastly different output structures along the dorsal-ventral axis. While ventral CA1 (vCA1)
pyramidal neurons are highly interconnected with limbic structures which can directly alter moodrelated behaviors, such as the amygdala, hypothalamus, and nucleus accumbens, dorsal CA1
(dCA1) pyramidal neurons send projections to structures known to function in spatial working
memory tasks, such as the retrosplenial cortex (Chapter 1.5).
Together, these functional and anatomical differences between dorsal and ventral CA1 pyramidal
neurons raise the question of whether these neurons process different types of information at the
level of CA1, or if functional heterogeneity arises within downstream output structures. Studies
investigating the contribution of HPC to spatial processing have already shown that place cells,
which are believed to contribute to a spatial representation of the environment, are more
abundant, stable, and tuned in dHPC relative to vHPC (Ciocchi et al., 2015; Jung et al., 1994;
Keinath et al., 2014; Royer et al., 2010). Considering this specialization for dCA1 to represent
spatial information relative to vCA1 begs the question of whether the same specialization may
exist for anxiety-related information. Specifically, is anxiety-related information enriched and more
stable within vCA1 pyramidal neurons relative to dCA1 pyramidal neurons?
In this Chapter we recorded from dCA1 and vCA1 neurons across multiple anxiogenic
environments, an appetitive environment, and neutral environments to investigate the abundance
and stability of both anxiety-encoding neurons and place cells along the dorsoventral axis of HPC.
We find that vCA1 is enriched in “anxiety cells” which represent anxiety-related information via a
rate coding preference that is stable across multiple anxiogenic environments. In contrast, dCA1
neurons show no bias for anxiety-related information, and representations of anxiogenic
environments are not stable within the same population of dCA1 neurons across multiple anxiety
tasks, but rather, dCA1 neurons contain more spatial information and place fields are more stable
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in dCA1 relative to vCA1. Interestingly, we compared the coding preference of cells that preferred
the safe closed arms of the EPM, and found that these neurons exhibited a stable coding
preference across tasks in both ventral and dorsal CA1 neurons, similar and opposite to
anxiogenic encoding neurons. Finally, to assess which cell types were mediating this vCA1
enrichment in anxiety cells, we recorded from inhibitory interneurons in vCA1 during exploration
of the EPM anxiety task. We found that anxiety cells were not enriched in the inhibitory interneuron
population, suggesting that anxiety cells are abundant in vCA1 glutamatergic pyramidal neurons.
Together, these findings indicate that vCA1 is specialized to represent anxiety-related information
relative to dCA1, and that different populations of CA1 neurons may stably represent information
of specific valence types.

Results
Ventral CA1 is enriched in anxiety cells relative to dorsal CA1
We next assessed the specialization and stability of anxiety-related activity in different cell types
along the dorso-ventral axis of the hippocampus.

To determine whether anxiety related

information was encoded in dCA1 neurons, we imaged dCA1 neurons in the EPM in an identical
fashion as described in Chapter 2, and compared activity to vCA1 imaged neurons (Fig. 3.1, S3).

Figure 3.1: dCA1 Ca2+ imaging
experimental design
Top image, dCA1 GCaMP6f
expression and representative
GRIN lens placement.
Bottom image, Representative
field of view (FOV) from
microscope (std dev. projection).
Right panel, extracted Ca2+
transients from an example
dCA1 FOV.
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At the population level, we found that in contrast to vCA1, dCA1 neurons did not exhibit significant
changes in Ca2+ transient event rate in the open arms of the EPM (Fig. 3.2A, 3.2B). Further, dCA1
Ca2+ activity in the EPM open arms did not correlate with the anxiety level of individual animals
(linear regression as in Fig. 1H, R2=0.066).

Figure 3.2: dCA1 neurons do
not exhibit increased Ca2+
activity in the EPM
(A) Exp design, dCA1 imaging in
EPM in identical conditions as in
Chapter 2. (B) Rate of Ca2+
transients in dCA1 neurons
during exploration of the open
and closed arms of the EPM
(Wilcoxon sign rank Z=-1.451,
p=0.15, Ncells=418). Data error
bars represent mean +/- SEM

We next investigated how these anxiety-related activity patterns were distributed across the CA1
population. To determine the proportion of vCA1 and dCA1 neurons that were significantly
modulated by the open arms of the EPM, we shuffled Ca2+ events in time to generate a null rate
distribution per cell, and cells with an open minus closed arm rate difference that significantly
exceeded the shuffle distribution were considered selective for the open arms (see methods).
Using this classification approach, we found that ~51% of recorded vCA1 neurons were open arm
selective (Fig. 3.3A & 3.3B), and this proportion was significantly greater relative to the dCA1
population which exhibited a more evenly distributed selectivity preference (Fig. 3.3A & 3.3B).
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Figure 3.3: vCA1 is enriched in EPM open arm selective neurons relative to dCA1
(A) Scatter plots showing individual dCA1 (left) and vCA1 (right) neuron open vs closed rates, colored based on
arm-type selectivity determined by exceeding shuffle distribution (see methods) (B) vCA1 is enriched in cells that
are significantly selective for the EPM open arm compared to shuffle (orange cells and orange pie chart; see
methods), relative to dCA1 (Chi squared test of proportions X2(2)= 43.984, p<0.0001 NdCA1=408, NvCA1=2,137).

vCA1 anxiety cells maintain their coding preference across anxiety tasks
We next determined whether CA1 open arm selective neurons in the EPM were specialized to
respond to anxiogenic stimuli in other tasks of innate anxiety. Individual vCA1 and dCA1 neurons
were tracked across multiple imaging sessions, and the activity of EPM open arm selective
neurons was assessed in the anxiety provoking Open Field Test (OFT), and the appetitive novel
object task (Fig. 3.4A). Interestingly, we found that vCA1 open arm selective neurons exhibited a
significantly higher rate of Ca2+ transient events during exploration of the anxiogenic center zone
of the OFT compared to the periphery, but not during exploration of a preferred novel object (Fig.
3.4B, top). Moreover, these effects were specific to vCA1 open arm preferring neurons, as dCA1
open arm neurons did not exhibit changes in Ca2+ activity in the OFT center (Fig. 3.4B, bottom).
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Figure 3.4: vCA1 EPM open arm preferring neurons maintain their coding preference in other anxiogenic
contexts while dCA1 neurons remap
(A) Analysis design. Top, imaging sessions from individual mice (imaged at a constant FOV) were concatenated
into one large video prior to motion correction and cell segmentation to allow for cross-session cell tracking in
different tasks (video frame edge-color denotes different imaging sessions combined; EPM: orange, OFT: purple,
Novel Object task: green). Bottom, EPM open arm selective cells were then defined as in Fig. 3C (orange cells),
and their Ca2+ transient rates were compared across other imaging sessions. (B) The Ca2+ transient rates of EPM
open arm selective cells in vCA1 (top panels) and dCA1 (bottom panels) were compared in the EPM, OFT, and
Novel Object tasks. vCA1 open arm selective cells were significantly more active to the EPM open arm and OFT
center zones compared to the safe closed arm and periphery compartments (left two bar graphs), but did not change
activity to exploration of a Novel Object (right bar graph) (vCA1 open arm cells: EPM open versus closed Wilcoxon
signed rank Z=-12.016, p<0.0001; OFT center versus periphery rates Wilcoxon signed rank Z=-2.103, p=0.035;
Novel Object Wilcoxon signed rank Z=-1.069, p=0.2849; Ncells=192). In contrast, dCA1 open arm selective cells did
not exhibit any changes in Ca2+ transient rate in the OFT center and Novel Object task, indicating that while vCA1
open arm neurons exhibit heightened activity across multiple tasks of innate anxiety, dCA1 open arm selective
neurons are context-specific (dCA1 open arm cells Wilcoxon signed rank: EPM open versus closed Z=-10.338,
p<0.0001; OFT center versus periphery Z=-1.651, p=0.0986 ; Novel Object rates Z=-1.242, p=0.2141; Ncells=142).
All data error bars represent mean +/- SEM

We next assessed whether this rate preference for environments of similar valence was present
in cells with different selectivity types, or if this was a property of anxiogenic-preferring neurons
only. Using the same cellular tracking approach across sessions as described above, we
determined the Ca2+ event rates of EPM closed arm preferring and non-selective vCA1 and dCA1
neurons in the OFT and novel object tasks (Fig. 5A & 5B). Interestingly, we found that closed arm
preferring neurons in both dCA1 and vCA1 also exhibited higher Ca2+ activity in the safe periphery
zone of the OFT (Fig. 5A & 5B), suggesting a stable rate preference for safe environments within
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that population; similar and opposite to that found in vCA1 EPM open-arm preferring neurons.
Moreover, in dCA1, closed arm preferring neurons also exhibited a higher rate of activity in the
neutral zone of the novel object task, perhaps related to the relative safety or familiarity of the
neutral zone relative to the novel object zone. In contrast, dCA1 non-selective EPM neurons
exhibited no rate preferences across tasks, while vCA1 non-selective neurons exhibited an OFT
center zone rate preference, further supporting a specialization for vCA1 in anxiety-related
behaviors relative to dCA1.

Figure 3.5: D/V CA1 closed arm preferring EPM neurons maintain their coding preference in other contexts
(A) The Ca2+ transient rates of EPM closed arm selective (blue bar graphs) and neutral cells (gray bar graphs) in
vCA1 (top panels) and dCA1 (bottom panels) were compared in the EPM, OFT, and Novel Object tasks as described
in Figure 3.4 for open arm selective neurons. vCA1 closed arm selective cells were also significantly more active in
the safe OFT periphery zone compared to the anxiogenic center (left two bar graphs), but did not change activity to
exploration of a Novel Object, Non-selective EPM neurons were more active in the OFT center (Wilcoxon sign rank;
vCA1 closed arm cells: EPM Z=-6.275, p<0.01; OFT Z=-2.508, p<0.05; Novel Object Z=-0.152, p=0.88; Ncells=45;
vCA1 non-selective cells: EPM Z=-1.716, p=0.08; OFT Z=-3.778, p<0.01; Novel Object Z=-1.804, p=0.07;
Ncells=122). (B) dCA1 closed arm selective cells were more active in the safe OFT periphery and neutral zone of the
Novel Object task, and non-selective neurons were more active in the OFT periphery (Wilcoxon sign rank; dCA1
closed arm cells: EPM Z=-9.740, p<0.01; OFT Z=-4.086, p<0.01 ; Novel Object Z=-2.689, p<0.01; Ncells=125; dCA1
non-selective cells: EPM Z=-3.004, p<0.01; OFT Z=-3.867., p<0.01 ; Novel Object Z=-0.313, p=0.75; Ncells=140).
All data error bars represent mean +/- SEM
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In an alternative unbiased approach, we defined vCA1 and dCA1 task-selective neurons in the
EPM, OFT, and novel object task based on their activity preference for the anxiogenic (open arms;
center) or appetitive (novel object zone) compartments, and compared the overlap of selective
cells recruited across tasks (Fig. 3.6A). We found that the population of vCA1 neurons that were
selective for the EPM open arms were significantly overlapping with neurons that were selective
for the OFT center, but not with neurons selective to a novel object, again indicating that vCA1
open arm selective neurons are preferentially recruited in anxiogenic environments (Fig. 3.6B).
This overlap in selective neurons between the EPM and OFT tasks was not found in the dCA1
population (Fig. 3.6C), rather, dCA1 EPM open arm selective neurons were significantly
overlapping with novel object preferring neurons (Fig. 3.6C). This inconsistent recruitment of
dCA1 neurons within tasks of anxiety-related valence further suggests that in contrast to vCA1,
dCA1 activity is not specialized to represent negative valence or anxiogenic environments. Taken
together, these results suggest that valence preferences are segregated within subsets of CA1
neurons, are stable across contexts, and that vCA1 is specialized to respond to environments
with an anxiogenic valence through a population of “anxiety cells” that are more abundant in vCA1
relative to dCA1.
Anxiogenic representations in vCA1 inhibitory interneurons
As our viral targeting strategy could not distinguish between vCA1 pyramidal cells and inhibitory
interneurons, we next imaged vCA1 inhibitory interneurons to determine whether anxiety cells
were overrepresented within this population. We virally expressed the Cre-dependent Ca2+
indicator AAV1-Syn-flex-GCaMP6f in vGAT-Cre mice (Vong et al., 2011) and imaged neural
responses in the EPM (Fig. 3.7A). We found that overall, vCA1-vGAT neurons did not exhibit
heightened activity in the open arm compartment (Fig. 3.7B), and that the majority of vCA1-vGAT
imaged neurons were closed-arm preferring (Fig. 3.7C). These results suggest that vCA1 open
arm preferring neurons are largely comprised of glutamatergic pyramidal neurons, rather than
local inhibitory interneurons.
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Figure 3.6: vCA1 task-selective neurons are preferentially recruited in contexts with anxiogenic valence,
while dCA1 task-selective neurons are recruited in novel contexts
(A) Analysis design. Left, imaging sessions from individual mice (imaged at a constant FOV) were concatenated
into one large video prior to motion correction and cell segmentation to allow for cross-session cell tracking in
different tasks (video frame edge color denotes different imaging sessions combined). Right, selective cells were
then defined in each task based on a Ca 2+ transient rate preference for EPM open arms (orange), OFT center
(purple), and Novel Object zone (green) (rate preferences must exceed shuffle distribution as in Fig. 3.3). Cell
identities were then compared between task-selective groups to determine the recruitment of selective cells across
different tasks. (B) Left, vCA1 cell identity overlap between OFT center selective cells and EPM open arm selective
cells. (66 OFT center cells out of 383 total vCA1 neurons tracked across sessions), 64% of them of them were also
EPM open arm selective. Chance level for overlap was then determined by randomly sampling the number of OFT
center cells from a mock distribution containing 50% EPM open arm selective cells (which represents the true
proportion of EPM open arm cells in the population). 10,000 random samples were chosen, and a p-value was
determined by comparing the true overlap to the random sample distribution. With this approach, we found that
vCA1 OFT center cells were significantly overlapping with EPM open arm cells, more than expected by chance
(from random sample distribution, 0.975 cumulative probability= 60.60%; 0.0275 cumulative probability=39.39% ;
true overlap= 63.63%; Z= 2.3715, p=0.018). Right, cell identity overlap between Novel Object selective cells and
EPM open arm selective cells. (115 Novel Object cells out of 383 total vCA1 neurons tracked across sessions),
45% of them of them were also EPM open arm selective. Chance level for overlap was determined as described
above, and we found that overlap between Novel Object cells and EPM open arm cells was at chance levels (from
random sample distribution, 0.975 cumulative probability= 58.26%; 0.0275 cumulative probability=42.61% ; true
overlap= 45.21%; Z =-1.3218, p=0.2). (C) The same analysis was conducted on dCA1 neurons. Left, dCA1 overlap
between OFT center cells and EPM open arm cells was at chance levels (from random sample distribution, 0.975
cumulative probability= 45.31%; 0.0275 cumulative probability=23.44%; true overlap= 40.62%; Z =-1.2029,
p=0.229). Right, dCA1 Novel Object cells were significantly overlapping with EPM open arm cells, more than
expected by chance (from random sample distribution, 0.975 cumulative probability= 41.28%; 0.0275 cumulative
probability=26.61% ; true overlap= 43.12%; Z= 2.3368, p=0.019).
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Figure 3.7: vCA1-vGAT neurons are not enriched in open arm preferring EPM cells
(A) Experimental design for vCA1-vGAT Ca2+ imaging. Top image, vCA1-vGAT-Cre/flex-GCaMP6f expression and
representative GRIN lens placement; Bottom image is a magnified inset of top. Right panel, extracted Ca 2+
transients from an example vCA1-vGAT FOV. (B) vCA1-vGAT neuron rate of Ca2+ transients in the EPM is not
different between arm-types (Wilcoxon sign rank Z=-0.451, p=0.6517, Ncells=69). (C) vCA1-vGAT neurons are
enriched in closed-arm selective cells (exceeding shuffle distribution rates) in the EPM. Scatter plot showing
individual vCA1-vGAT neuron open vs closed rates, colored based on arm-type selectivity determined by exceeding
shuffle distribution. Left pie chart inset is a summary of the scatter plot data.

dCA1 represents more spatial information relative to vCA1
We then assessed whether vCA1 and dCA1 neurons might also differentially represent spatial
information. Mice were imaged in the same FOV while exploring two contexts with differing spatial
cues (contexts A and B), followed by a second exposure to context A (A-B-A), and rate maps of
their firing fields within the contexts were generated as previously described (Leutgeb et al., 2007)
(Fig. 3.8A & 3.8B). We used spatial information analysis (Skaggs et al., 1996) to determine if the
animals position may be differentially encoded by vCA1 and dCA1 neurons, and determined place
field stability by correlating place field maps between exposures to contexts A-B and A-A. We
found that dCA1 neurons encoded more spatial information, and had more stable place fields
relative to vCA1, indicating that dCA1 neurons are more spatially tuned than vCA1 (Fig. 3.8C-F).
Taken together, these data suggest that dCA1 is enriched in place cells, while vCA1 is enriched
in anxiety cells.
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Figure 3.8: dCA1 neurons encode more spatial information relative to vCA1
(A) Example place field rate maps for dCA1 representative neurons, normalized to peak firing rate individually. Mice
were imaged sequentially in Ctx A-B-A for 10 mins. (B) Example place field rate maps for vCA1 representative
neurons (see above). (C) Single peak place field sizes in dCA1 and vCA1 were not significantly different from each
other (Mann Whitney U=2.76x103, p=0.4944, NdCA1=145, NvCA1=41). (D) Cumulative distributions of spatial
information content p-values. dCA1 p-values were significantly left-shifted from the vCA1 distribution (KS test,
p<0.0001; KS stat= 0.2170), and both distributions were significantly different from the expected uniform nonspatially tuned distribution (diagonal dashed line) (KS test p<0.0001 for both dCA1 and vCA1; dCA1 KS stat=
0.5000, vCA1 KS stat=0.5001). Right inset, % of neurons with significant spatial information content p-values at the
0.05 significant threshold (gray vertical dashed line, cum. distribution left panel) (Chi squared test of proportions
X2(1)=15.168, p<0.0001, NdCA1=470, NvCA1=227). (E) Cumulative distributions of dCA1 place field map crosscorrelations to quantify stability of place fields across context exposures. A-A place field correlations (gray line) are
significantly right-shifted relative to A-B correlations (orange line) indicating that same-context A-A place fields are
more stable (KS test p<0.0001, KS stat= 0.1678, NA-A=312, NA-B=271). Right inset, mean dCA1 place field map
cross-correlations of A-A place field correlations (gray bar) and A-B correlations (orange bar), indicating that samecontext A-A- place fields are more stable (Mann Whitney U=3.36x10 4, p<0.0001; NA-A=312, NA-B=271). (F)
Cumulative distributions of vCA1 place field map cross correlations are not significantly different between A-A and
A-B context exposures (KS test p= 0.1448, KS stat =0.1660, NA-A=74, NA-B=120). Right inset, mean vCA1 place
field map cross-correlations are not significantly different between A-A and A-B context exposures (Mann Whitney
U=3.76x103, p=0.073, NA-A=74, NA-B=120).
All data error bars represent mean +/- SEM

Discussion
Here we find that a majority of vCA1 neurons exhibit a coding preference for the anxiogenic open
arm of the EPM, while dCA1 contains an even selectivity preference across arm types. Moreover,
we found that EPM open arm preferring neurons in vCA1 are also recruited in the anxiogenic
center of the OFT, suggesting that these cells may be hardwired to represent anxiogenic or
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negative valence information. In contrast, dCA1 EPM open arm preferring neurons were not
recruited to respond to the OFT center, but rather were preferentially recruited in the novel object
task. This recruitment of a similar population of dCA1 neurons in the anxiogenic EPM open arm
and to an appetitive novel object suggests that the activity of dCA1 neurons is not valence related,
but rather may be novelty related. Previous studies have implicated a role for the dHPC in novelty
detection, in agreement with the theory that the HPC serves as a comparator system, as dHPC
is more active in novel environments and is critical for the recognition of novel objects (Broadbent
et al., 2010; Fyhn et al., 2002; Knight, 1996; VanElzakker et al., 2008). dCA1 open arm preferring
neurons may therefore be responding to a the novel spatial features of both the open arms and
the novel object.
Intriguingly, both dorsal and ventral CA1 closed-arm preferring neurons were also preferentially
active in the safe OFT periphery zone, suggesting that both positive and negative valence
representations are segregated between different CA1 populations that maintain stable valence
preferences across environments. Moreover, while vCA1 neurons exhibited stable valence
representations for both safe and anxiogenic environments, dCA1 neurons exhibited a stable
coding preference for safe or positive valence environments only. As our studies did not test
multiple appetitive environments, and considering the contribution of dHPC to context-based
reward associations via lateral septum- ventral tegmental area dopamine pathways (Luo et al.,
2011; Risold and Swanson, 1997), it would be interesting to assess whether dCA1 neurons may
specialize to represent environments with positive valence.
Our studies raise the intriguing possibility that subpopulations of vCA1 neurons are hardwired to
respond to environments that produce innate avoidance, while other populations may be
hardwired to respond to environments that elicit approach (Fig. 7). This could be accomplished
via selective routing of sensory information to vCA1 populations that can directly drive positive or
negative behavioral responses via their segregated limbic target streams. This model would be
similar to that described in the BLA, where distinct subpopulations of neurons respond to positive
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or negative valence quality (Belova et al., 2007; Gore et al., 2015; Namburi et al., 2015; Paton et
al., 2006; Uwano et al., 1995). If vCA1 were organized in a similar fashion, we would predict that
single vCA1 neurons would respond to diverse types of sensory stimuli of the same valence to
drive analogous behavioral responses. One approach to test this hypothesis will be to assess
whether vCA1 anxiety cells also respond to other innately aversive sensory stimuli, such as
aversive odors or painful stimuli.
The findings in this Chapter add to the large body of literature demonstrating dorsal and ventral
HPC to provide functionally distinct contributions to behavior. How then, is such functional and
physiological heterogeneity generated along the dorso-ventral axis of the HPC? One possible
mechanism is via selective routing of information via heterogeneous entorhinal cortex (EC) input
to dorsal and ventral HPC. Indeed, dHPC receives EC input primarily from anterior cingulate and
retrosplenial cortical pathways, while EC inputs to vHPC originate from prelimbic and infralimbic
cortical streams (Strange et al., 2014). Therefore, anxiogenic environmental features such as
open spaces, bright lights, and heights may be overrepresented by ventral projecting cortical
streams to generate a vHPC specialization in anxiety-related representations.
Finally, we found that anxiety cells were not enriched in vCA1-vGAT neurons, suggesting that
vCA1 anxiety cells are comprised of glutamatergic pyramidal neurons. In the next two Chapters,
we will focus on dissecting through which vCA1 pyramidal neuron populations these anxiety cells
may be mediating their effects on avoidance behaviors.

52

Experimental Procedures
Animal Subjects
All procedures were conducted in accordance with the U.S. NIH Guide for the Care and Use of
Laboratory Animals and the New York State Psychiatric Institute Institutional Animal Care and
Use Committees at Columbia University. Adult male C57BL/6J mice were supplied by Jackson
Laboratory, and Vgat-IRES-Cre mice (Vong et al., 2011) were bred in-house on a C57BL/6J
background, and used at 8 weeks of age. Mice were maintained with unrestricted access to food
and water on a 12-hour light cycle, and experiments were conducted during the light portion.
Viral Constructs
For

calcium

imaging,

viruses

(AAV1-Syn-GCaMP6f.WPRE.SV40;

AAV1-Syn-Flex-

GCaMP6f.WPRE.SV40) were packaged and supplied by UPenn Vector Core at titers ~6 x 1012
vg/ml and viral aliquots were diluted prior to use with artificial cortex buffer to ~2 x 1012 vg/ml.
Stereotactic Surgeries
For all surgical procedures, mice were anesthetized with 1.5% isoflurane at an oxygen flow rate
of 1 L/min, and head-fixed in a stereotactic frame (David Kopf, Tujunga, CA). Eyes were lubricated
with an ophthalmic ointment, and body temperature maintained at 37°C with a T/pump warm
water recirculator (Stryker, Kalamazoo, MI). The fur was shaved and incision site sterilized prior
to beginning surgical procedures, and subcutaneous saline and carpofen were provided perioperatively and for 2 days post-operatively to prevent dehydration and for analgesia.
For in vivo Ca2+ imaging, mice underwent a single surgery in which 500nl of GCaMP6f virus was
injected unilaterally with a Nanoject syringe (Drummond Scientific, Broomall, PA) prior to
implanting a GRIN lens over the injection site. GRIN lenses were implanted with methods
previously described (Resendez et al., 2016). Briefly, a craniotomy centered at the lens
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implantation site was made, and dura was removed from the brain surface and cleaned with a
stream of sterile saline and absorptive spears (Fine Science Tools (FST), Foster City, CA) prior
to lowering the GRIN lens (no tissue was aspirated out of site). 3 skull screws (FST, Foster City,
CA) were inserted in evenly spaced locations around the implantation site, and the lens was slowly
lowered in 0.1 mm DV steps and then fixed to the skull with dental cement (Dentsply Sinora,
Philadelphia, PA). For vCA1 imaging, a ~0.5 mm diameter, ~6.1 mm long GRIN lens was used,
and for dCA1 a ~1.0 mm diameter, ~4 mm long GRIN lens was used (Inscopix, Palo Alto, CA).
Viral injection coordinates were (in mm, from brain tissue at site): (vCA1: -3.16 AP, 3.25 ML, 3.85, -3.50, -3.25 DV; dCA1: -2.15 AP, 1.85 ML, -1.55, -1.65 DV) and lens coordinates were (in
mm, from skull at craniotomy): (vCA1: -3.16 AP, 3.50 ML, -3.50 DV; dCA1: -2.15 AP, 1.30 ML, 1.30 DV). At the completion of surgery, the lens was protected with liquid mold rubber (SmoothOn, Lower Macungie, PA), and imaging experiments commenced 3 weeks later.
Behavioral Assays
Elevated Plus Maze
Mice were placed in a standard EPM sized maze (13.5” height of maze from floor, 25” full length
of each arm-type, 2” arm width, 7” tall closed arms, with 0.5” tall/wide ledges on the open arms),
with ~650 light lux centered over the open arms to promote avoidance. Mice were placed in the
center region of the maze, and were allowed to explore for 10 minutes while recording behavior
with a webcam EthoVision XT 10 (Noldus, Leesburg, VA) or a digital camera (Carl Zeiss), and
analyzed with EthoVision software or TopScan tracking software (Clever Sys, Reston, VA). For
ArchT-GFP silencing experiments, mice were run for 20 minutes in the EPM to allow for a
sufficient number of open arm entries/ laser triggering events.
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Novel Object task
Mice were placed in a familiar arena (9.5 x 11 x 6” length-width-height) which they were allowed
to explore for 20 minutes on the previous day, in low light lux condition (~50 lux). Behavior during
the initial exposure to the arena was recorded and tracked with EthoVision XT 10 software, and
4 corner zones of equal size were drawn to determine the relative baseline preference for each
location (~6 x 5.5” length-width). During the novel object session, a novel object that elicited
approach (a funnel taped down with colored tape) was placed into the least preferred corner zone
of the arena (from day 1 tracking). Mice were allowed to explore the familiar arena for 10 minutes
and behavior was recorded with EthoVision XT 10 software and webcam.
Open Field Test
Mice were placed in an arena (22 x 22 x 16” length-width-height; Kinder Scientific, Poway, CA)
with bright light (~650 lux) centered over the center zone, and allowed to explore for 10 minutes
while behavior was recorded and analyzed with MotorMonitor software.
Context exploration task for place field analysis
For place field analysis, mice were allowed to explore a novel arena (Context A- Context B- and
Context A) (9.5 x 11” length-width) for 10 minutes each in low light lux conditions, with a 10 minute
rest in a transfer cage in between sessions. Context A was a plain arena with short walls (6”
height) while Context B was generated by placing standard mouse bedding, and tall, rounded
yellow walls (10” height) within the same arena as Context A. The arena was kept in the same
location for all 3 imaging sessions, and behavior was recorded and tracked with EthoVision XT
10 software.
Freely Moving Ca2+ imaging
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3 weeks after surgery, mice were checked for GCaMP expression with a miniaturized microscope
(Inscopix, Palo Alto, CA) and procedures previously described (Resendez et al., 2016). Mice were
briefly anesthetized with 1.5% isoflurane at 1 L/min oxygen flow, and head-fixed into a stereotactic
frame. The protective rubber mold was removed from the lens, and a magnetic baseplate was
attached to a microscope and lowered over the implanted GRIN lens to assess the FOV for
GCaMP+ neurons. If GCaMP+ neurons were visible, the baseplate was dental cemented in place
onto the mouse headcap to allow for re-imaging of the same FOV for several weeks. Once
baseplated, the same microscope was used for every imaging session with that mouse, and the
focal plane on the hardware of the miniscope was not altered throughout the imaging experiments
to ensure a constant FOV across sessions. Awake-behaving imaging sessions were commenced
the day after baseplating, and mice were briefly anesthetized (<5mins) in order to attach the
miniscope to the baseplate each imaging session day. Mice were allowed to recover from
anesthesia for 30 minutes before beginning imaging. Ca2+ videos were recorded with nVista
acquisition software (Inscopix, Palo Alto, CA), and triggered with a TTL pulse from EthoVision XT
10 and Noldus IO box system to allow for simultaneous acquisition of Ca2+ and behavioral videos.
Ca2+ videos were acquired at 15 frames per second with 66.56 ms exposure. An optimal LED
power was selected for each mouse based on GCaMP expression in the FOV (pixel values), and
the same LED settings were used for
Histology and Confocal and Epifluorescent Microscopy
For all histology, mice were perfused transcardially with 4% (weight/volume) paraformaldehyde
in 1X phosphate buffer solution (PBS) and brains were then removed and post-fixed in 4% PFA
for 24 hours, after-which they were transferred to a 30% sucrose solution in PBS for 2 days.
Sucrose-saturated brains were then flash-frozen and sliced in 50um thick coronal sections on a
cryostat (Leica CM 3050S). Sections were incubated with 1:100 Hoechst in 1x PBS (Invitrogen,
Carlsbad, CA) for 10 minutes to label cell nuclei, and mounted and cover-slipped with ProLong
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Gold antifade reagent (Invitrogen, Carlsbad, CA). Endogenous viral expression of fluorophores
was used in all histology preparations (no immunolabeling was required to visualize fluorophores).
Histology slides were imaged on a (Leica TCS SP8) confocal microscope using a 10x or 20x
objective, or a (Zeiss Axiovert 200) epifluorescent microscope using a 2.5x or 10x objective.
Appropriate GRIN lens and placements were determined by post-fixing brains with head-caps
and skulls intact for 1 week in 4% PFA to improve the clarity of the GRIN lens and fiber optic
tracts. Brains were then placed into 30% sucrose solution as described above, and slices were
collected in individual culture wells to maintain the accurate AP order sections for fiber optic/ lens
placement reconstructions. Sections were then mounted in AP order, and the bottom location of
GRIN lenses were visually determined for each mouse by inspecting sections on an
epifluorescent microscope.
Image Processing
For whole-population (Synapsin promoter) imaging, image processing was performed using
Mosaic software (version 1.0.5b; Inscopix, Palo Alto, CA). Videos were spatially downsampled
by a binning factor of 4 (16x), and lateral brain movement was motion corrected using the
registration engine Turboreg (Ghosh et al., 2011; Ziv et al., 2013) which utilizes a single reference
frame and high-contrast features in the image to shift frames with motion to matching XY positions
throughout the video. Black borders from XY translation in motion correction were cropped, and
changes in fluorescence were detected by generating a ΔF/Fo video using a minimum z-projection
image of the entire movie as the reference Fo to normalize fluorescence signals to the minimum
fluorescence of pixels within the frame. Videos were then temporally downsampled by a binning
factor of 3 (down to 5 frames per second). Putative single cells and Ca 2+ signals were isolated
with an automated cell-segmentation algorithm that employs independent and principal
component analyses on ΔF/Fo videos (Mukamel et al., 2009). Identified putative cells were then
sorted via visual inspection to select for units with the appropriate spatial configuration and Ca 2+
57

dynamics consistent with signals from individual neurons. Ca2+ transient events were then defined
by a Ca2+ event detection algorithm which identifies large amplitude peaks with fast rise times and
exponential decays (parameters: tau=200ms, Ca2+ transient event minimum size= 6 median
average deviation).
For tracking cells across multiple imaging session days, videos from multiple sessions were
concatenated into a single large video, and motion corrected was ran on the concatenated video
from a single reference frame to ensure that XY translation from the TurboReg motion correction
algorithm adjusted all frames to the same location. Motion correction accuracy on the
concatenated video was then determined by visually tracking multiple cells in the FOV across to
ensure that cells did not shift their spatial location (from a hand-drawn ROI in ImageJ ROI
Manager) throughout the entire length of the video.

Ca2+ Data Analysis
Ca2+ transient events and mouse behavior were analyzed with custom MATLAB (Mathworks,
Natick, MA) functions to calculate the rate of Ca2+ transients per cell while mice explored different
zones, and different XY spatial locations of the arena. Occupancy in different arena zones were
defined in EthoVision software and exported as a logical output at 30 frames per second. Behavior
data was downsampled to 5 frames per second to match Ca2+ transient data sampling, and logical
indexing was used to calculate Ca2+ transient rate in different behavioral conditions.
For defining cell selectivity, Ca2+ events were shuffled in time for individual cells (1000 iterations),
and shuffled rates were re-calculated with logical behavioral indexing to generate a null
distribution of zone Ca2+ event rates for each cell. A cell was considered selective for a zone if its
Ca2+ event rate difference between zones (EPM: open-closed; OFT: center-periphery; Novel
Object: Novel Object Zone- Neutral Zone) exceeded a 1SD threshold from the null distribution
(threshold was determined by comparing zone rates for “neutral cells” defined at different
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thresholds, and the threshold at which neutral cells showed no significant Ca2+ transient rate
different between zones was selected).
Place cell analysis
Place field maps were drawn as previously described (Leutgeb et al., 2007) with a bin size of
~5cm2, and a sigma smoothing factor of 5, drawn from mobile time bins only (immobile time bins
were defined as velocities< 1cm/sec, for behavioral bouts>1 sec duration). A minimum of 10 Ca2+
transient events in the session was required to be included in the analysis, and qualified place
fields were defined as place fields with 9 contiguous bins containing 20% of the peak firing rate.
Spatial information content values were calculated from the first context-A exposure imaging
session. Spatial information p-values were calculated as previously described (Danielson et al.,
2016a) by generating a null distribution of spatial information content values per cell (shuffling the
timing of Ca2+ events in time to generate null place field maps,1000 iterations), and comparing
the true spatial information content value to that shuffled distribution. Place field stability was
determined by comparing the R value from place field map correlations (Pearson’s correlation).
Only cells with qualified place fields in both conditions (A-A, or A-B) were included in this analysis.
Task-selectivity analysis
To define task-selective neurons, cells were defined by their selectivity for the EPM open arm,
OFT center zone, and Novel Object zone as described above. Populations of selective cells were
then compared. Overlap significance was determined by randomly sampling from a mock
distribution of cells containing the true % of EPM open arm cells in the population (sampling N=
total number of OFT center of Novel Object cells, mock distribution N= total number of all cells
included in the analysis, sampling at 10,000 iterations), to generate an overlap distribution by
random sampling. The true overlap p-value was then calculated by comparing the true overlap
value to these distributions.

59

Chapter 3 Supplementary Figures

Figure S3: GRIN lens placements of dCA1 imaged mice
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Chapter 4

Anatomical Characterization of Sub-Cortical
Projecting Neurons in the Ventral Hippocampus

Introduction
Ventral CA1 (vCA1) sends dense projections to a number of subcortical structures such as the
basal amygdala (BA), hypothalamus, nucleus accumbens (NAc), and bed nucleus of the stria
terminalis (BNST) (Canteras, 2002; Cenquizca and Swanson, 2006, 2007; Kishi et al., 2006;
Tannenholz et al., 2014). Interestingly, recent anatomical studies have revealed that several of
these pathways are formed by non-overlapping cell populations with the vCA1 pyramidal layer,
including separate projection streams to the BA and mPFC (Jin and Maren, 2015; Lee et al.,
2014b), BA and central amygdala (Ce)(Xu et al., 2016), and mPFC and lateral septum (Parfitt et
al., 2017). Moreover, a few recent comparisons of different vCA1 projections have suggested that
these populations may be differentially recruited for specific behaviors at the level of vCA1
(Ciocchi et al., 2015; Jin and Maren, 2015; Okuyama et al., 2016; Wang et al., 2016). However,
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despite this resurgence in anatomical characterization of vCA1 output pathways, little is known
about how vCA1 interacts with these regions to orchestrate emotional behaviors.
When considering which vCA1 pathways may contribute to anxiety-related behaviors and are
mediating the vCA1 effects on avoidance behavior in Chapter 2 of this study, both the BA and
LHA pathways constitute probable candidates as their target structures are known to contribute
to anxiety-related behavior, learned fear, and stress responses (Canteras and Swanson, 1992;
Cenquizca and Swanson, 2006; Kishi et al., 2006; Tannenholz et al., 2014). Thus far, while vCA1BA projections have recently been described for their contribution to contextual memory retrieval
and HPC-hypothalamic interactions have been studied in HPA axis regulation, the direct vCA1
projections to these structures have not been studied for their acute effects on anxiety-related
behaviors. Moreover, it has not been established whether these two subcortical pathways display
a similar segregation in cell populations as seen in cortical-subcortical mPFC and BA.
Intriguingly, a recent study has found that vCA1 projections to the mPFC are necessary for
avoidance behavior (Padilla-Coreano et al., 2016), while another study has found that vCA1mPFC projecting neurons are enriched in anxiety-related activity responses (Ciocchi et al., 2015).
These vCA1-mPFC projecting neurons have been shown by multiple groups to arise from a
largely separate cell population from that of vCA1-BA projections (Cembrowski et al., 2016b; Jin
and Maren, 2015; Kim and Cho, 2017; Lee et al., 2014b). However, whether or not this cellular
segregation exists between vCA1-mPFC and vCA1-LHA projection neurons has not yet been
established.
In this Chapter, we characterize the terminal field distribution of vCA1 axons within the BA and
LHA, and assess the cellular and spatial distribution of these pathways within the vCA1 pyramidal
layer. Moreover, we extend this cellular characterization to the mPFC pathway, and find that
vCA1-LHA projecting neurons arise from largely separate cell populations from that of both BA
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and mPFC pathways. Moreover, we provide the first activity-dependent evidence that vCA1-LHA
and BA projecting neurons are differentially recruited in behavior.

Results
Separate populations of vCA1 neurons project to the Basal Amygdala and Lateral Hypothalamus
We first sought to characterize the terminal field density and distribution of vCA1 projections to
the BA and LHA. Injection of ChR2-eYFP into vCA1 (AAV5-CaMKII-ChR2-eYFP) revealed dense
terminal labeling in the BA and LHA with similar intensities (Fig. 4.1A, 4.1B). Within the BA
subfields, the Basomedial Amygdala (BMA) contained the highest density of axon terminals, with
fewer terminals in the overlying BLA (Fig. 4.1A). In the LHA, dense axon terminals could be seen
distributed throughout the nucleus, with terminals exhibiting a striking avoidance of both the
Ventral Medial Hypothalamus (VMH) and Dorsal Medial Hypothalamus (DMH).

Figure 4.1: vCA1 sends dense projections to the basal amygdala and lateral hypothalamus
(A) Anterograde tracing of vCA1 axon terminals. CamKII-ChR2-eYFP virus was injected into vCA1 (left), and ChR2eYFP axon terminals were visualized in the BA (middle) and LHA subfields (right). (B) Average fluorescence of
ChR2-eYFP terminal fields were similar between BA and LHA fields (paired t-test, t(4)=1.886, p=0.1323, Nmice=5).
Error bars represent mean +/- SEM.

To confirm monosynaptic input from vCA1 to BA and LHA, we next conducted acute slice
recordings in BA or LHA neurons in ChR2-eYFP injected mice. Application of 473nm laser
stimulation during recordings within BA or LHA subfields was sufficient to elicit monosynaptic
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excitatory post synaptic currents (EPSC), which were abolished by bath application of the
glutamatergic receptor antagonists APV/NBQX (Fig. 4.2A-C).

With Victor Luna

Figure 4.2: vCA1 sends monosynaptic, glutamatergic projections to the BA and LHA
(A) Experimental design, ChR2-eYFP was injected into vCA1 and in vitro slices of LHA and BA terminal fields were
prepared 8 weeks later after the opsin could be trafficked to vCA1 axon terminals. (B) In vitro slice recordings of
BA cells in ChR2-eYFP vCA1 injected mice. 5ms 473nm light pulses elicited large optical EPSC (mean onset
latency= 0.93 ms +/- 0.12 SEM; purple example trace, middle bar graph, N cells=10), which were abolished by
APV/NBQX infusion (black example trace; right bar graph Mann Whitney U=0.00, p<0.05, Ncells=4) (C) In vitro slice
recordings of LHA cells in ChR2-eYFP vCA1 injected mice. 5ms 473nm light pulses elicited large optical EPSC
(mean onset latency= 1.56 ms +/- 0.09 SEM; purple example trace, middle bar graph, N cells=10), which were
abolished by APV/NBQX infusion (black example trace; right bar graph Mann Whitney U=0.00, p<0.01, Ncells=5).

We next investigated whether vCA1 projections to the LHA or BA could be differentially recruited
during behavior. We utilized the ArcCreERT2 (Denny et al., 2014) mouse line to selectively
express Dio-ChR2-eYFP in vCA1 neurons in an activity-dependent fashion. ArcCreERT2 mice
were injected unilaterally in vCA1 with Cre-dependent ChR2-eYFP virus (AAV5-EF1a-DIO-ChR2eYFP), and 4-Hydroxy Tamoxifen (4-HT) was administered 4 weeks later to allow for a labeling
time window in which only active vCA1 neurons could express ChR2-eYFP (Fig. 4.3A). Following
injection of 4-HT, mice were given a 2 second footshock in a novel context to label footshock
responsive neurons. Mice were kept for 6 weeks following footshock labeling to allow for sufficient
trafficking of ChR2-eYFP to axon terminals, and brains were then analyzed for differences in axon
terminal densities relative to CaMKII-ChR2-eYFP non-activity labeled controls (Fig. 4.3A, 4.3B
top panel). Interestingly, while vCA1-BA terminals were densely labeled in ArcCreERT2 footshock
labeled mice similar to CaMKII labeled mice, the LHA appeared completely devoid of vCA1 axon
terminals (Fig. 4.3B, 4.3C). This data provided the first evidence that vCA1-LHA projecting
neurons could arise from different cell populations from vCA1-BA neurons, as axon collaterals
would also express ChR2-eYFP in this preparation.
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Figure 4.3: Activity-dependent ChR2-eYFP labeling during footshock recruits vCA1 projections to the BA,
but not to the LHA
(A) Experimental design, DIO-ChR2-eYFP was injected into vCA1 in ArcCreERT2 mice (see methods). Mice were
then injected with 4-hydroxy tamoxifen (4-HT) 4 weeks later to open an activity-dependent labeling time window,
during which they received a footshock to label foot-shock responsive cells in vCA1 (representative vCA1 ArcChR2-eYFP labeling shown in middle image). Mice were sacrificed 6 weeks later (to allow for sufficient ChR2-eFYP
trafficking to axon terminals), and terminal field intensities were compared within-subject. (B) Top, representative
images of CAMKII-ChR2-eYFP (non-activity dependent) vCA1 terminals in the BA and LHA (right panels are high
magnification of left 2 images at dashed box). Dense terminal fields can be visualized in both the BA and LHA.
Bottom, representative images of Arc-ChR2-eYFP (activity-dependent) vCA1 terminals in the BA and LHA, labeled
during footshock treatment. Dense terminals can be visualized in the BA, but the LHA field is devoid of vCA1 labeled
terminals. (C) Fluorescence intensity comparison between the BA and LHA subfields in CaMKII and Arc labeled
mice. Arc-ChR2-eYFP activity dependent labeling of vCA1 terminals to a footshock recruits BA terminals, but not
LHA terminals. (paired t-tests; CaMKII: t=2.643, p=0.06, Nmice=5; Arc: t=5.967, p<0.01, Nmice=6). Data error bars
represent mean +/- SEM.

Following this finding, we determined whether different populations of vCA1 neurons do in fact
project to LHA and BA, as recently seen with other outputs to the BLA, CeA, mPFC, lateral
septum, and NACc (Cembrowski et al., 2016b; Jin and Maren, 2015; Kim and Cho, 2017; Lee et
al., 2014b; Okuyama et al., 2016; Parfitt et al., 2017; Xu et al., 2016). We utilized conjugated
cholera toxin subunit B (CTB) to retrogradely label vCA1 projections to the BA and LHA, injecting
CTB-555 into the BA and CTB-488 into the LHA subfields (Fig. 4.4A). We found that vCA1
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projectors were largely non-overlapping populations, as only ~3% of labeled neurons sent dual
projections (Fig. 4.4B white arrows, 4.4C).

Figure 4.4: vCA1 projections to the BA and LHA arise from largely non-overlapping cell populations
(A) Experimental design, Ctb retrograde labeling of vCA1 projections to the BA (Ctb-555, bottom image) and LHA
(Ctb-488, top image). (B) Representative image of retrogradely labeled vCA1 neurons projecting to BA (red cells),
LHA (green cells) or both (yellow cells, white arrows). (C) Quantification of retrogradely labeled vCA1 neurons.
vCA1-BA and LHA projecting neurons are largely non-overlapping as only ~3% of counted cells were dual-labeled
(paired t-tests BA or LHA vs Dual, BA vs Dual t(10)=4.309, LHA vs Dual t(10)=5.832, p<0.01 for both).

Interestingly, we also found that BA and LHA projectors were segregated anatomically and
organized in a laminar fashion, with vCA1-LHA projectors located deeper in the CA1 pyramidal
layer relative to vCA1-BA projectors (Fig. 4.5A, 4.5B).

Figure 4.5: vCA1 neurons projecting to the BA and LHA are laminated with the CA1 pyramidal layer
(A) Experimental design, Ctb retrograde labeling of vCA1 projections to the BA (Ctb-555) and LHA (Ctb-488). (B)
Diagram of CA1 deep and superficial lamination along the dorsal-ventral axis. The distance of CA1 retrogradely
labeled neurons was measured from the inner radial border to determine the relative location of vCA1 projections
to the BA and LHA. (C) Cumulative distribution of vCA1-BA (red line) or vCA1-LHA (green line) labeled neuron
distances from the inner radial border. The vCA1-LHA neuron distance distribution was significantly right shifted
relative to vCA1-BA neurons, indicating that LHA neurons are organized deeper in the CA1 pyramidal layer (KS
test, p<0.0001, KS stat=0.2999).

We next investigated whether vCA1-LHA projecting neurons were also a segregated population
from that of vCA1-mPFC projections, which have been recently implicated to contribute to anxiety66

related activity and behavior (Ciocchi et al., 2015; Padilla-Coreano et al., 2016). We utilized an
identical tracing approach as described above, injecting CTB-555 into the mPFC region and CTB488 into LHA. Interestingly, we found that similar to vCA1-BA and LHA projecting neurons, vCA1mPFC and vCA1-LHA neurons were comprised of almost entirely segregated cell populations
(Fig. 4.6A, 4.6B).

Figure 4.6: vCA1 projections to the mPFC and LHA arise from largely non-overlapping cell populations
(A) Experimental design, Ctb retrograde labeling of vCA1 projections to the mPFC (Ctb-555,top image) and LHA
(Ctb-488, bottom image). Right, representative image of retrogradely labeled vCA1 neurons projecting to mPFC
(red cells), LHA (green cells) or both (yellow cells). (B) Quantification of retrogradely labeled vCA1 neurons. vCA1mPFC and LHA projecting neurons are largely non-overlapping (paired t-tests mPFC or LHA vs Dual, mPFC vs
Dual t(4)=3.800, LHA vs Dual t(4)=2.984, p<0.05 for both; Nmice=3).

Taken together, these studies establish vCA1-BA and vCA1-LHA projecting neurons as largely
non-overlapping cell populations that occupy anatomically distinct layers within vCA1. Moreover,
this segregation exists between vCA1-LHA and vCA1-mPFC projections, highlighting vCA1-LHA
projecting neurons as a unique cell population whose physiological properties and acute
contribution to behavior have never before been assessed.

Discussion
It has recently become appreciated that vCA1 of the HPC sends parallel and largely nonoverlapping projections to the mPFC, lateral septum, NAc, BLA, and central amygdala (Ce)
(Cembrowski et al., 2016b; Jin and Maren, 2015; Kim and Cho, 2017; Lee et al., 2014b; Okuyama
et al., 2016; Parfitt et al., 2017; Xu et al., 2016), and here we find this segregation also within the
BA and LHA pathways. Interestingly, in contrast to the intermingled vCA1 projections to the BA
67

and Ce, we found that vCA1-BA and vCA1-LHA projection neurons were organized in a laminar
fashion within CA1. Recent studies on CA1 lamination have demonstrated that pyramidal neurons
in the deep and superficial layers of CA1 differ in their physiological properties, local inhibitory
inputs, and long range inputs (Danielson et al., 2016b; Lee et al., 2014b; Li et al., 2017; Masurkar
et al., 2017). Therefore, vCA1-BA and vCA1-LHA projecting neurons may receive different inputs
and exhibit different physiological properties, allowing for differential information routing between
these populations.
Moreover, we established that vCA1-LHA projecting neurons are also a separate population from
those projecting to the mPFC. This segregation is not surprising, considering a previous study
that demonstrated vCA1-BA and mPFC projections to occupy a similar spatial distribution in the
CA1 pyramidal layer (Lee et al., 2014b), while we show that LHA projections are located deeper
in vCA1 than BA projections. Although vCA1 projections to BA and mPFC have recently been
assessed for their contribution to contextual memory formation and anxiety-related behavior
(Padilla-Coreano et al., 2016; Xu et al., 2016), the function of the direct vCA1-LHA pathway has
never been assessed.
A major limitation of these studies is the inability to provide more spatial specificity within subnuclei
of the amygdala and hypothalamus with the regiment of anterograde and retrograde labeling
techniques used. Although we targeted the LHA in our studies, vCA1 sends direct projections to
several subnuclei of the hypothalamus (Canteras and Swanson, 1992; Cenquizca and Swanson,
2006), many of which contain diverse cell types and are anatomically challenging to target
selectively (Canteras, 2002). Elegant studies have begun to dissect these diverse hypothalamic
circuits (Jennings et al., 2013; Jennings et al., 2015; Kunwar et al., 2015; Lee et al., 2014a; Lin et
al., 2011; Silva et al., 2013), and future studies investigating the hypothalamic cell-types through
which vCA1 and other inputs make synaptic connections will be critical to understanding how this
structure modulates behavior.
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Similarly, within the amygdala, it has recently become appreciated that the vCA1 projections to
the Ce and BA arise from different cell populations within vCA1 and differentially contribute to
contextual memory retrieval and fear renewal (Xu et al., 2016). Interestingly, the densest
projections from vCA1 to the amygdala terminate within the BMA, a subnucleus that has largely
been studied anatomically (Petrovich et al., 1996), with only a few functional studies suggesting
a role for the BMA in predator odor fear responses and anxiety-related behaviors (Adhikari et al.,
2015; Blanchard and Blanchard, 1972). Our labeling approaches cannot differentiate between
Ce, BLA, and BMA projection streams, as a dual viral strategy would be required for such
specificity (Xu et al., 2016). Still, both our targeting coordinates and the distribution of vCA1amygdala terminals suggests that BMA projections make up a propensity of the vCA1- amygdala
projections labeled in our study.
The anatomical segregation between vCA1 projections to the LHA, BA, and mPFC within the CA1
pyramidal layer provides a mechanism by which these projection populations may differentially
contribute to behavior. In the next Chapter we focus on assessing both the differential
physiological properties and behavioral contributions of the LHA and BA pathways to anxiety-like
behavior.
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Experimental Procedures
Animal Subjects
All procedures were conducted in accordance with the U.S. NIH Guide for the Care and Use of
Laboratory Animals and the New York State Psychiatric Institute Institutional Animal Care and
Use Committees at Columbia University. Adult male C57BL/6J mice were supplied by Jackson
Laboratory, and ArcCreERT2 mice (Denny et al., 2014) were bred in-house on a C57BL/6J
background, and used at 8 weeks of age. Mice were maintained with unrestricted access to food
and water on a 12-hour light cycle, and experiments were conducted during the light portion.
Viral Constructs
For optogenetic manipulations, adeno-associated viruses (AAV5-CaMKIIa-hChR2(H134R)eYFP; AAV5-EF1a-DIO-CaMKIIa-eYFP) were packaged and supplied by the UNC Vector Core
Facility at titers of ~4-8 x 1012 vg/ml.
Stereotactic Surgeries
For all surgical procedures, mice were anesthetized with 1.5% isoflurane at an oxygen flow rate
of 1 L/min, and head-fixed in a stereotactic frame (David Kopf, Tujunga, CA). Eyes were lubricated
with an ophthalmic ointment, and body temperature maintained at 37°C with a T/pump warm
water recirculator (Stryker, Kalamazoo, MI). The fur was shaved and incision site sterilized prior
to beginning surgical procedures, and subcutaneous saline and carpofen were provided perioperatively and for 2 days post-operatively to prevent dehydration and for analgesia.
For optogenetic surgeries, mice underwent a single surgery in which 500nl of opsin virus was
injected into the vCA1 subregion with a Nanoject syringe as described above. Virus was injected
in vCA1 at the following coordinates for all manipulations (in mm): (-3.16 AP, 3.30 ML, -3.85, 3.50, -3.00 DV from brain at craniotomy. For terminal activation, experiments began 8 weeks after
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surgery to allow for sufficient viral expression and trafficking of opsin to axon terminals. For
activity-dependent cell labeling in ArcCreERT2 mice, experiments began 4 weeks after surgery
to allow for sufficient viral expression in vCA1 cell bodies.
For CTB retrograde studies, 290nl of conjugated CTB (Life Technologies, Carlsbad, CA) was
injected unilaterally in the LH and BA or LHA and mPFC subregions in a single surgery at the
following coordinates (in mm from brain tissue at site): (LH: -2.0 AP, 0.75 ML, -5.25, -5.0, -4.75
DV; BA: -1.70 AP, 3.0 ML, -4.25, -4.0 DV; mPFC: +1.90 AP, 0.3 ML, -2.75, -2.50 DV), and mice
were perfused 7 days after injection for histology.

Patch-Clamp Electrophysiology
Mice with vCA1 viral expression of the excitatory ChR2-eYFP opsin (at 8 weeks post viral
injection, to allow for trafficking of opsin to axon terminals) were anesthetized by halothane or
isoflurane inhalation, decapitated, and brains rapidly removed. Coronal slices (350 m) containing
the BA and LHA were cut on a Leica VT1000S vibratome in ice cold partial sucrose artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 80 NaCl, 3.5 KCl, 4.5 MgSO4, 0.5 CaCl2,
1.25 H2PO4, 25 NaHCO3, 10 glucose, and 90 sucrose equilibrated with 95% O2 / 5% CO2 and
stored in the same solution at 37°C for 30 minutes, then at room temperature until use. Recordings
were made at 30-32C (TC324-B; Warner Instrument Corp) in ACSF (in mM: 124 NaCl, 2.5 KCl,
1 NaH2PO4, 25 NaHCO3, 20 glucose, 1 MgCl2, 2 CaCl2). Fluorescent vCA1-ChR2-eYFP axon
terminals were first located within the BA and LHA on an upright microscope Axioskop-2 FS
(Zeiss). Cells surrounded by these axons were then visualized via infrared-differential interference
contrast (IR-DIC) optics and randomly selected for voltage-clamp recordings. A cesium-based
internal solution was used (in mM): 125 Cs-methanesulfonate, 4 NaCl, 10 HEPES, 1 EGTA, 4
MgATP, 0.3 Na2GTP, 10 Na-phosphocreatine, 5 QX 314-Cl). Patch pipettes were made from
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borosciliate glass (A-M Systems) using a micropipette puller (Model P-1000; Sutter Instruments).
In the bath, initial pipette resistance was 4.5-6.5 MΩ. Recordings were made without correction
for junction potentials. Current and voltage signals were recorded with a MultiClamp 700B
amplifier (Molecular Devices, USA), digitized at 5–10 kHz, and filtered at 2.5–4 kHz. Data were
acquired and analyzed using Axograph (Axograph Scientific, Sydney, Australia).
For optical stimulation, 473 nm light pulses were generated using a 100 mW DPSS laser (Opto
Engine LLC, Midvale, UT) and delivered through a 40X objective. Single light pulses (1 ms
duration) delivered every 20 sec were used to activate vCA1 fibers in the BA and LHA while
recording light-evoked monosynaptic EPSCs in randomly chosen neurons.

Behavioral Assays
Activity-dependent labeling of vCA1 neurons with a fearful footshock
ArcCreERT2 mice (4 weeks post DIO-CaMKII-ChR2 injection into vCA1) were given a 2mg
intraperitoneal injection of 4-hydroxytamoxifen (4-HT) 5 hours prior to receiving an aversive
footshock. Mice were placed in a standard fear conditioning shock box (Coulbourn Instruments,
Holliston, MA) with the following contextual cues: (anise scent, white noise, and a light on within
the chamber), and were allowed to explore the context for 3 minutes prior to receiving a 2 second
0.7mA strength foot shock. Following footshock delivery, mice were then immediately placed into
a dark room and left without disturbance for 48 hours to reduce non-specific labeling prior to 4HT metabolism. Mice were then kept for 6 weeks prior to histology analysis to allow for sufficient
viral expression and protein trafficking to axon terminals.
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Histology and Confocal and Epifluorescent Microscopy
For all histology, mice were perfused transcardially with 4% (weight/volume) paraformaldehyde
in 1X phosphate buffer solution (PBS) and brains were then removed and post-fixed in 4% PFA
for 24 hours, after-which they were transferred to a 30% sucrose solution in PBS for 2 days.
Sucrose-saturated brains were then flash-frozen and sliced in 50um thick coronal sections on a
cryostat (Leica CM 3050S). Sections were incubated with 1:100 Hoechst in 1x PBS (Invitrogen,
Carlsbad, CA) for 10 minutes to label cell nuclei, and mounted and cover-slipped with ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA). Endogenous viral expression of fluorophores
was used in all histology preparations (no immunolabeling was required to visualize fluorophores).
Histology slides were imaged on a (Leica TCS SP8) confocal microscope using a 10x or 20x
objective, or a (Zeiss Axiovert 200) epifluorescent microscope using a 2.5x or 10x objective.
For CTB retrograde studies, tiled images were captured on a confocal microscope with a 10x
objective, and red, green, and yellow cells were counted with an ImageJ Cell Counter toolbox.
Lamination of CTB labeled neurons was determined by measuring the distance of counted cells
to the Pyr/Rad border in ImageJ.
For anterograde terminal fluorescence measurements, the vCA1 terminal fields in the BA and
LHA were visualized in the same AP location (-1.70 mm) in vCA1-ChR2-eYFP expressing mice
(8 weeks post-viral injection to allow for sufficient trafficking of opsin to axon terminals). The BA
and LHA subfields were then imaged in the same section with identical exposure times using a
2.5x objective on an upright epifluorescent microscope. This allowed us to control for differences
in baseline background fluorescence between sections, as BA and LHA terminal images were
taken from the same sections, and fluorescence levels compared in a pair-wise fashion. ROIs of
the BA and LHA were hand-drawn in ImageJ, and the mean fluorescence value was used for
comparisons.
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Chapter 5

Ventral Hippocampal Projections to the Basal
Amygdala and Lateral Hypothalamus
differentially contribute to Anxiety-Related
Behavior

Introduction
Given the heterogeneity of vCA1 responses in the EPM described in Chapters 2 and 3, we next
identified through which vCA1 subcortical output streams these effects on anxiety-related
behavior could be mediated. We focused on two structures that receive some of the most dense
vCA1 projections and are known to contribute to anxiety-related behavior, learned fear, and stress
responses- the basal amygdala (BA) and lateral hypothalamus (LHA) (Canteras and Swanson,
1992; Cenquizca and Swanson, 2006; Kishi et al., 2006; Tannenholz et al., 2014). Recent
optogenetic studies have indicated that both the BA and LHA can control anxiety-related behavior
in real-time (Jennings et al., 2013; Tye et al., 2011). However, how anxiety-related information is
represented within vCA1 projection neurons to impact these output structures remains unclear.
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In particular, despite decades of work demonstrating hippocampal-hypothalamic interactions in
the buffering of stress responses via indirect inhibition of the hypothalamic-pituitary-adrenal axis
(Jacobson and Sapolsky, 1991; Ulrich-Lai and Herman, 2009), the function of the direct HPChypothalamic pathway in modulating behavior remains unknown. Moreover, although BLA inputs
to vHPC have recently been shown to modulate anxiety-related behavior (Felix-Ortiz et al., 2013),
the reciprocal pathway from vCA1 to the BA has never been assessed in innate anxiety tasks.
Rather, vCA1-BLA projecting neurons have recently been shown to be necessary for contextual
fear memory retrieval (Xu et al., 2016). Considering our anatomical findings in Chapter 4 which
revealed that the vCA1 projections to the LHA and BA represent two subcortical pathways that
arise from largely non-overlapping cell populations within distinct layers of vCA1, we next
investigated whether these pathways may also differentially contribute to behavior.
In this Chapter, we first utilize optogenetic terminal activation in vCA1 terminals within the BA and
LHA to functionally map their contribution to both contextual fear and innate anxiety-related
behaviors. We find that activation of vCA1 projections to the BA disrupts both encoding and
retrieval of contextual fear memories, but has no effect on anxiety-related behaviors. In contrast,
vCA1-LHA terminal field activation led to robust avoidance and aversion in anxiety-related
behaviors, but had no effect on contextual fear memory processes. Next, we utilized a retrograde
viral approach to selectively express GCaMP6f in vCA1 neurons projecting to the BA or LHA, and
compared their physiological properties and activity during exploration of anxiogenic and neutral
environments. Interestingly, and in line with our optogenetic activation studies, we find that vCA1LHA projecting neurons are highly enriched in anxiety cells relative to vCA1-BA projecting
neurons, while both pathways encode similar levels of spatial information in neutral environments.
Finally, we tested whether this vCA1-LHA pathway was also necessary for avoidance behavior in
the EPM task as demonstrated by our whole-population silencing experiments in Chapter 2, and
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find that silencing vCA1-LHA projection neurons during exploration of the anxiogenic open arm
compartment of the EPM decreased avoidance behavior.
These studies reveal that the vCA1-LHA pathway is enriched in anxiety cells whose activity is
both necessary and sufficient to drive avoidance behavior in conflict-based avoidance tasks.

Results
vCA1-BA and vCA1-LHA projectors differentially contribute to anxiety-related behavior and
contextual fear memories
Given the anatomical segregation of vCA1-BA and LHA projections, we next determined if
modulation of vCA1-BA and vCA1-LHA projectors differentially contribute to behavior. Mice were
injected with ChR2-eYFP or a control eYFP virus (AAV5-CaMKII-ChR2-eYFP) into vCA1, and
fiber optics were implanted into either the BA or LHA (Fig. 5.1A, 5.2A; S5A, S5B). Mice were then
tested for light effects in tests of anxiety-related behavior and contextual fear conditioning (CFC).
In CFC, mice explored the conditioning context for 3 minutes while receiving a 10 Hz 473nm laser
stimulation, after-which they received a brief foot shock. On day two, mice were placed back into

Figure 5.1: vCA1-BA terminal stimulation disrupts the encoding and retrieval of contextual fear memories
(A) Experimental design of bilateral vCA1-BA terminal ChR2 optogenetic stimulation (B) vCA1-BA ChR2-eYFP
optogenetic terminal stimulation (473nm 10hz, 5ms pulses) during CFC encoding (left panel, training light on) and
CFC retrieval (right panel, testing light on). Stimulation of vCA1-BA terminals on training day 1 or testing day 2
reduces % time freezing, indicating a disruption of both CFC encoding and retrieval (repeated measures anova, %
time freezing*genotype interaction; training light on (left panel) F (1,24)=6.358, p<0.05 , NeYFP=15, NChR2=11; testing
light on (right panel) F(1,15)=21.10, p-value<0.001 , NeYFP=9, NChR2=8). All data error bars represent mean +/- SEM
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the same context in the absence of laser stimulation to test for light effects on CFC encoding. We
found that vCA1-BA-ChR2 mice froze significantly less than controls, indicating that disrupting
normal activity patterns between vCA1-BA was sufficient to disrupt encoding of contextual fear
(Fig. 5.1B). To determine whether intact vCA1-BA activity patterns were required for retrieval, a
different cohort of mice was trained with light off, and tested for freezing on day two with the light
on. vCA1-BA-ChR2 mice froze less than controls indicating that vCA1-BA activity was required
for both encoding and retrieval of contextual fear memory (Fig 5.1B).
Surprisingly, performing the same manipulations in the vCA1-LHA pathway did not impact either
the encoding or retrieval of contextual fear (Fig. 5.2A, 5.2B). Moreover, the lack of effect in the
vCA1-LHA pathway was not due to a frequency-dependent difference between BA and LHA
projecting neurons, as 20 Hz stimulation in the vCA1-LHA pathway elicited the same negative
effects on CFC encoding and retrieval (Fig. 5.2C). This data indicates a selective role for vCA1BA, but not vCA1-LHA neurons in context encoding and retrieval.

Figure 5.2: vCA1-LHA terminal stimulation does not disrupt contextual fear encoding or retrieval
(A) Experimental design of unilateral vCA1-LHA terminal ChR2 optogenetic stimulation. (B) vCA1-LHA ChR2-eYFP
optogenetic terminal stimulation (473nm 10hz, 5ms pulses) during CFC encoding (left bar graph, training light on)
and CFC retrieval (right bar graph, testing light on), had no impact on % time freezing on either testing day
(Repeated measures ANOVA, F(1,12)=0.216, p=0.8071, NeYFP=7, NChR2=7). (C) vCA1-LHA ChR2 terminal stimulation
at 20hz in CFC (473nm, 5ms pulses) during training light on (left bar graph), and day 3 testing light on (right bar
graph), had no effect on % time freezing for either testing days (similar to main Fig. 6F results at 10hz); (Repeated
measures ANOVA, % time freezing* geno, F(1,13)=0.657, p=0.5266, NeYFP=6, NChR2=9).
All data error bars represent mean +/- SEM
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We next tested the contribution of these vCA1 projections to anxiety-related behavior.
Surprisingly, we found that both 20 Hz and 10 Hz laser stimulation in vCA1-BA-ChR2 mice had
no effect on percent center distance in the OFT (Fig. 5.3A-C), nor did it elicit an effect in the RTPP
assay in which mice received laser stimulation only on one side of an otherwise identical 2chamber arena (Fig. 5.4A-C).

Figure 5.3: vCA1-BA terminal stimulation does not affect anxiety-related behavior in the open field test
(A) Exp. Design, vCA1-BA ChR2-eYFP optogenetic terminal stimulation in the OFT in 3 min laser epochs (light offon-off; light on). (B) vCA1-BA ChR2 terminal light stimulation (473nm 20hz, 5ms pulses) had no impact on % center
distance (Repeated measures ANOVA, F(1,16)=0.497, p=0.6132, NeYFP=7, NChR2=11). (C) vCA1-BA ChR2 terminal
light stimulation at 10hz (473nm, 5ms pulses) had no effect on % center distance of OFT (similar to results in main
Fig. 6C & D at 20hz; Repeated measures ANOVA, F(1,17)=0.163 p=0.8501, NeYFP=9, NChR2=10).
All data error bars represent mean +/- SEM

Figure 5.4: vCA1-BA terminal stimulation does not elicit place preference or aversion
(A) Exp. design, vCA1-BA ChR2-eYFP optogenetic terminal stimulation in RTPP (laser triggered on in one chamber
only). (B) Left panel, RTPP chamber occupancy heatmaps of representative eYFP and ChR2 mice. Right graph,
vCA1-BA ChR2 terminal light stimulation at 20hz (473nm, 5ms pulses) did not impact % time on stimulation side,
indicating that the stimulation was neither appetitive nor aversive (5 min bins, ANOVA % time stim*genotype,
F(1,11)=0.573, p=0.4649, NeYFP=8, NChR2=5). (C) vCA1-BA ChR2 terminal light stimulation at 10hz (473nm, 5ms
pulses) had no effect on % time stimulation side of RTPP (similar to results in main Fig. 6C & D at 20hz; ANOVA,
F(1,15)=0.355, p=0.5604, NeYFP=8, NChR2=9).
All data error bars represent mean +/- SEM
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In contrast, 20 Hz stimulation in vCA1-LHA-ChR2 mice robustly decreased percent center
exploration in the OFT- an effect that persisted into the subsequent light off epoch (Fig. 5.5A,
5.5B). In addition, 20 Hz laser stimulation in vCA1-LHA-ChR2 mice in the RTPP elicited
avoidance, as vCA1-LHA-ChR2 expressing mice spent significantly less time in the stimulation
chamber relative to controls (Fig. 5.6A, 5.6B). Importantly, light effects in vCA1-LHA-ChR2 mice
were not due to changes in locomotor activity (Fig. 5.5C, 5.6C).

Figure 5.5: vCA1-LHA terminal stimulation increases avoidance
(A) vCA1-LHA ChR2-eYFP optogenetic terminal stimulation in OFT in 3 min laser epochs (light off-on-off; light on:
473nm 20hz, 5ms pulses). (B) vCA1-LHA ChR2-eYFP laser stimulation significantly reduced % center distance
relative to controls (ChR2: blue line, Repeated measures ANOVA; % center distance*genotype interaction,
F(1,19)=7.635, p<0.01; light on ANOVA F(1,19)=9.356, p<0.01; light off epoch 3 ANOVA F (1,19)=7.981, p<0.05;
NeYFP=9, NChR2=12). (C) vCA1-LHA ChR2 terminal stimulation had no effects on total distance traveled (Repeated
measures ANOVA, F(1,19)=0.383, p=0.6845, same mice groups as in main Fig. 6G).
All data error bars represent mean +/- SEM

Figure 5.6: vCA1-LHA terminal stimulation is aversive
(A) vCA1-LHA ChR2-eYFP optogenetic terminal stimulation in RTPP (473nm 20hz, 5ms pulses, laser triggered on
in one chamber only). (B) Left panel, RTPP chamber occupancy heatmaps of representative eYFP and ChR2 mice.
Right graph, ChR2 stimulation significantly decreased % time on stimulation side, indicating that the stimulation
was aversive (5 min bins, ANOVA, % time stim*genotype F (1,15)=8.403, p<0.05; NeYFP=9, NChR2=8). (C) vCA1-LHA
ChR2 terminal stimulation in RTPP had no effects on total distance traveled (ANOVA, F (1,15)=0.113, p=0.7409,
same mice groups as in main Fig. 6H).
All data error bars represent mean +/- SEM
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These studies indicate that modulation of vCA1-LHA, but not vCA1-BA projection neurons can
impact anxiety-related behaviors and elicit avoidance.
Taken together, these results support a functional dissociation between vCA1-BA and vCA1-LHA
neurons, with vCA1-BA projections modulating contextual fear memory encoding and retrieval,
and vCA1-LHA neurons driving anxiety-related behavior and aversion.

vCA1-LHA neurons are enriched in anxiety cells
As optogenetic modulation of vCA1-LHA projecting neurons but not vCA1-BA projectors impacted
anxiety-related behavior, we next investigated whether this functional dissociation was already
present at the level of vCA1. A retrograde canine adeno type 2- Cre virus (CAV2-Cre) was injected
either into the BA or LHA subfield, and a Cre-dependent GCaMP6f (AAV1-flex-SynapsinGCaMP6f) virus was injected into vCA1 (Fig. 5.7A). A GRIN lens was then implanted over the
vCA1 region, and projection-specific Ca2+ activity was imaged during identical behavioral
conditions as described in Chapters 2 and 3. Utilizing this approach, vCA1-GCaMP6f terminals
were visualized selectively in BA or LHA subfields, but not in both, confirming projection-specific
expression of the Ca2+ indicator (Fig. 5.7B).

Figure 5.7: Projection-specific Ca2+ imaging of vCA1 projections to the BA and LHA
(A) Projection-specific Ca2+ imaging experimental design, CAV2-Cre was injected into either BA (top) or LHA
(bottom), and flex-GCaMP6f was injected into vCA1 to express GCaMP6f in vCA1-BA or vCA1-LHA projection
neurons specifically. (B) Dual viral targeting of projection specific vCA1 neurons allowed for selective expression
of GCaMP6f in vCA1-BA (top panel) or vCA1-LHA (bottom panel) neurons only. This was confirmed by visualization
of fluorescent terminals in the BA but not LHA subfield of vCA1-BA labeled mice (top middle and right panels), and
fluorescent terminals in the LHA but not BA subfields in vCA1-LHA labeled mice (bottom middle and right panels).
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Ca2+ transients were first recorded in home cage conditions to assess whether baseline
physiological property differences existed between the two projection streams. Interestingly, we
found that in home cage conditions, vCA1-BA neurons exhibited a lower rate of Ca2+ transients
relative to vCA1-LHA neurons, but vCA1-BA transients were significantly larger in size compared
to LHA projecting neurons (Fig. 5.8A, 5.8B).

Figure 5.8: vCA1 projections to the BA and LHA exhibit differences in Ca2+ dynamics
(A) Representative GRIN lens FOV from vCA1-BA (top) and vCA1-LHA GCaMP6f (bottom) labeled mice. Right,
example of extracted Ca2+ transients from projection specific vCA1-BA (top, red traces), and vCA1-LHA (bottom,
green traces) labeled FOV. (B) Rate and amplitude of Ca2+ transients in homecage condition; Top, vCA1-LHA
projections had a significantly greater Ca2+ transient rate relative to vCA1-BA projections. Bottom, vCA1-BA neuron
Ca2+ transient amplitudes were significantly greater than vCA1-LHA neurons. (Mann Whitney; transient rates
U=478.500; transient amplitudes U=554.000; p<0.01 for both; NcellsBA=29, NcellsLHA=61). Data error bars represent
mean +/- SEM.

We next imaged the activity of these projection-specific populations while mice explored the EPM,
and found that while both vCA1-BA and vCA1-LHA neurons exhibited increased activity in the
EPM open arms (Fig. 5.9A, 5.9B), the magnitude of the difference between open arm and closed
arm activity was greater in vCA1-LHA neurons relative to vCA1-BA projecting neurons (Fig. 5.9C).
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Figure 5.9: vCA1-LHA projections are more active in the EPM open arm relative to BA projections
(A) Exp. Design, vCA1-BA and vCA1-LHA neurons were imaged during exploration of the EPM. (B) Rate of Ca2+
transients in EPM open and closed arms. Both vCA1-BA and vCA1-LHA projection neurons significantly increase
their rates in the open arms relative to closed arms (Wilcoxon signed rank, vCA1-BA Z=-2.090, p<0.05; vCA1-LHA
Z=-6.734, p<0.0001; NBA=36, NLHA=80), but vCA1-LHA open arm rate is significantly greater than vCA1-BA neurons
(Mann Whitney U=976.00, p<0.01). (C) Ca2+ transient rate difference (open-closed) in EPM between projectionspecific populations. vCA1-LHA projection neurons exhibited significantly greater rate changes in the EPM open
arm compartments (Mann Whitney U=1097.00, p<0.05. NBA=36 , NLHA=80).
All data error bars represent mean +/- SEM

Moreover, cell selectivity analysis revealed that vCA1-LHA projectors were highly enriched in
anxiety cells relative to vCA1-BA projectors, with anxiety cells representing 79% of the vCA1-LHA
population (Fig. 5.10A, 5.10B). Importantly, these open arm activity differences were not driven
by differences in anxiety behavior or closed arm rate differences between the cell populations, as
the groups did not significantly differ in % open arm time (t-test; t=-1.63, p=0.15), and Ca2+ activity
in the EPM closed arm compartment did not differ between projection-type (Fig. 5.9B).

Figure 5.10: vCA1 projections to the LHA are enriched in anxiety cells relative to BA projections
(A) Scatter plots showing individual vCA1-BA (left) and vCA1-LHA (right) neuron open vs closed rates, colored
based on arm-type selectivity. (B) vCA1-LHA projection neurons are enriched in cells that are significantly selective
for the EPM open arm compared to shuffle (orange pie chart), relative to vCA1-BA projectors (Chi squared test of
proportions, X2(2)=11.45, p<0.01 NBA=36, NLHA=80).
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Considering this activity difference between pathways during exploration of anxiogenic
environments, we next assessed whether spatial information could also be differentially
represented between projection streams. We analyzed the spatial tuning structure and spatial
information of the projector populations as previously described, and found no significant
differences between vCA1-BA and vCA1-LHA projection populations (Fig. 5.11A-E).

Figure 5.11: vCA1 projections to the LHA and BA both encode low levels of spatial information
(A) Example place field rate maps for vCA1-BA (left) and vCA1-LHA (right) representative neurons, normalized to
peak firing rate individually. Mice were imaged sequentially in Ctx A-B-A for 10 mins. (B) Single peak place field
sizes in vCA1-BA and LHA neurons were not significantly different from each other (Mann Whitney U=812.50,
p=0.9085, NBA=30, NLHA=55). (C) Cumulative distributions of spatial information content p-values for vCA1-BA and
vCA1-LHA imaged neurons. Distributions were not significantly different from each other indicating similar spatial
tuning properties between populations (KS test, p=0.1178; KS stat= 0.3266; NBA=19, NLHA=34), and both
distributions were significantly different from the expected uniform non-spatially tuned distribution (diagonal dashed
line) (KS test p<0.0001 for both vCA1-BA and LHA; vCA1-BA KS stat= 0.5032, vCA1-LHA KS stat=0.5000). Right
inset, percentage of cells with significant spatial information content p-values (at p<0.05 threshold) for vCA1-BA
and vCA1-LHA imaged neurons. Spatially tuned population proportions were not significantly different from each
other indicating similar spatial tuning properties between populations (Chi squared test of proportions X2(1)=0.377,
p=0.5394, NBA=19, NLHA=34). (D) Cumulative distributions of vCA1-BA place field map cross-correlations to quantify
stability of place fields across context exposures. A-A place field correlations (gray line) are not significantly different
from A-B correlations (orange line) indicating that same-context A-A place fields are not stable (KS test p=0.9303,
KS stat= 0.1765, NA-A=17, NA-B=18). Right inset, mean vCA1-BA place field map cross-correlations to quantify
stability of place fields across context exposures. A-A place field correlations (gray bar) are not significantly different
from A-B correlations (orange bar) indicating that same-context A-A place fields are not stable (Mann Whitney
U=144.00, p=0.9863, NA-A=17, NA-B=18). (E) Cumulative distributions of vCA1-LHA place field map cross
correlations are not significantly different between A-A and A-B context exposures (KS test p= 0.6216, KS stat
=0.2083, NA-A=24, NA-B=24). Right inset, vCA1-LHA place field map cross correlations are not significantly different
between A-A and A-B context exposures (Mann Whitney U=280.00, p=0.8690, N A-A=24, NA-B=24).
All data error bars represent mean +/- SEM
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These studies suggest that while vCA1-LHA projecting neurons are enriched in anxiety-related
activity responses relative to vCA1-BA projectors, both projection streams encode low levels of
spatial information.

Thus far, our imaging studies and optogenetic manipulations had revealed that vCA1-LHA
projecting neurons are both sufficient to drive anxiety-related behaviors, and are enriched in
anxiety encoding neurons. We next sought to determine whether these neurons were also
necessary for avoidance behavior as was found in our whole-population optogenetic silencing
experiment in Chapter 2. To address this we once again utilized the CAV2-Cre retrograde viral
approach to selectively express Cre-dependent ArchT-GFP selectively in vCA1-LHA projecting
neurons (Fig. 5.12A). Fiber optics were implanted in the vCA1 subregion, and vCA1-LHA-ArchTGFP expressing neurons were selectively silenced during EPM open arm exploration bouts (Fig.
5.12A, 5.12B). We found that silencing vCA1-LHA-ArchT-GFP neurons in the EPM open arms
significantly reduced avoidance relative to eYFP controls, although this effect only emerged in the
2nd half of the 20 min behavioral trial (Fig. 5.12B).

Figure 5.12: vCA1-LHA open arm activity
is necessary for avoidance behavior
(A) Experimental design, CAV2-Cre was
injected into the LHA, and Cre-dependent
ArchT-GFP was injected into vCA1 to
selectivity express arch in vCA1-LHA
projections bilaterally. Optogenetic fibers
were implanted at the vCA1 injection site. (B)
vCA1-LHA projections were silenced during
EPM open arm exploration bouts (laser turn
on in open arm only), which significantly
decreased open arm avoidance relative to
eYFP controls (ANOVA mins 10-20;
F(1,17)=5.195, p<0.05, NeYFP=10, NArch=9).
Data error bars represent mean +/- SEM.
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Taken together, these results support the hypothesis that negative valence information is
represented at the level of vCA1, is enriched in neurons projecting to the LHA, and that vCA1LHA projecting neurons are both necessary and sufficient to drive avoidance behavior during
exploration of anxiogenic environments.

Discussion
Here we have identified a novel function for the direct hippocampal-hypothalamic pathway. We
show that vCA1-LHA projecting neurons are enriched in anxiety cells and are both necessary and
sufficient to directly control avoidance behavior in innate anxiety-related paradigms. Moreover,
our studies revealed striking pathway-specific control of anxiety-like behavior in vCA1, as
activation of vCA1-LHA but not vCA1-BA terminals generates avoidance behavior in anxiety
tasks. Moreover, our projection-specific imaging studies showed an enrichment of anxiety cells
within the vCA1-LHA projectors relative to vCA1-BA projectors, with ~80% of the vCA1-LHA
population carrying a representation for the open arms of the EPM.
In our vCA1-LHA silencing experiment, we see that blocking this pathway results in a significant
decrease in avoidance behavior only in the second half of our EPM testing session when eYFP
control exploration is lowest. This suggests that the effect size of this manipulation is small, which
is not surprising considering that both the retrograde labeling approach used and the projectionspecificity of this experiment results in the expression of ArchT opsin in a much smaller number
of CA1 pyramidal neurons as compared to our whole-population vCA1 silencing experiment in
Chapter 2.
Interestingly, other inputs to the LHA have recently been shown to encode complementary
representations of the EPM, such as the BNST, which was found to carry a representation for the
closed arms of the EPM, and sends a direct projection to the LHA that produces anxiolytic effects
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(Kim et al., 2013). Therefore, routing of anxiety representations to the LHA may be critical for the
generation of avoidance behaviors, and the LHA may integrate anxiogenic representations from
vCA1 with those arising from other areas.
Although our study established that LHA neurons received excitatory monosynaptic input from
vCA1 projections, the cell types on which vCA1 forms these synaptic connections, and through
which LHA circuits vCA1 may elicit its effects on avoidance behavior remains unknown. One
intriguing possibility is that this effect is mediated through glutamatergic neurons within the LHA,
as a recent study has described a population of glutamatergic LHA neurons that promote
avoidance and aversion (Jennings et al., 2013). Still, given the local heterogeneity of cell types
within the hypothalamus, careful dissection of vCA1-LHA connectivity will be necessary to
elucidate the circuits that mediate avoidance in innate anxiety-related behaviors.
Our studies reveal vCA1 projections to the LHA as a novel pathway by which the vHPC may
modulate anxiety-related behavior. Recent studies indicate that vHPC-mPFC projection neurons
also represent anxiety-related information in the EPM, and that optogenetic inhibition of vHPC
inputs to the mPFC reduces open arm avoidance (Ciocchi et al., 2015; Padilla-Coreano et al.,
2016). While glutamatergic cell populations in the LHA may drive rapid avoidance and aversive
behaviors directly (Hakvoort Schwerdtfeger and Menard, 2008; Jennings et al., 2013; Kim et al.,
2013), the mPFC likely modulates anxiety-related behaviors via outputs to the amygdala,
hypothalamus, thalamus, or periaqueductal gray (Do-Monte et al., 2015; Likhtik et al., 2014;
Radley et al., 2006; Sesack et al., 1989; Sotres-Bayon and Quirk, 2010). One intriguing possibility
is that the contribution of vCA1-LHA and vCA1-mPFC pathways to anxiety-related behavior is
analogous to the thalamic “low road” and cortical “high road” in the control of amygdala-dependent
auditory fear conditioning (LeDoux, 1996; LeDoux, 2000). In this model, differential routing of
anxiogenic contextual representations between vCA1 pathways could serve a similar function of
supporting both a rapid avoidance signal (via enrichment of anxiogenic signals within direct vCA186

LHA projections) and a slower, higher-order representation through cortical integration via the
vCA1-mPFC pathway.
Another interesting aspect of our studies was that fewer anxiety cells were observed in the vCA1BA population compared to the vCA1-LHA pathway, and manipulating projections from vCA1 to
the BA had no impact on innate anxiety tasks, despite studies demonstrating that the reverse
pathway (BLA-vHPC) can drive anxiety-like behaviors (Felix-Ortiz et al., 2013). Rather,
optogenetic manipulations of the vCA1-BA pathway in our study and other recent work (Xu et al.,
2016) demonstrate that this pathway is important in context-fear associations. Therefore, this
pathway may be specialized to encode learned context-valence associations, whereby contextual
input from vCA1 to the BA would become paired with aversive stimuli at the level of BA. Finally,
it is important to address the fact that we see the same behavioral effects with ChR2 activation
during contextual fear memory retrieval as (Xu et al., 2016) observed with optogenetic silencing.
Although we utilized ChR2 to activate vCA1 terminals in the BA during contextual fear encoding
and retrieval, we consider this to be a loss-of-function manipulation rather than a gain-of-function
manipulation, as randomly activating a population of neurons during a context-association task is
comparable to adding white noise to the system, disrupting appropriate context-association
formations at the level of BA.
Taken together, our findings provide novel insights into the representation of innately aversive
information in the vHPC, and the role of pathway-specific vCA1-subcortical projections in the
generation of anxiety-related behavior. The identification of a novel vCA1-LHA circuit that rapidly
controls anxiety-related behavior, without impacting learned fear, may provide novel targets for
the treatment of mood and anxiety disorders.
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Experimental Procedures
Animal Subjects
All procedures were conducted in accordance with the U.S. NIH Guide for the Care and Use of
Laboratory Animals and the New York State Psychiatric Institute Institutional Animal Care and
Use Committees at Columbia University. Adult male C57BL/6J mice were supplied by Jackson
Laboratory, and were bred in-house and used at 8 weeks of age. Mice were maintained with
unrestricted access to food and water on a 12-hour light cycle, and experiments were conducted
during the light portion.
Viral Constructs
For optogenetic manipulations, adeno-associated viruses (AAV5-CaMKIIa-hChR2(H134R)eYFP; AAV5-CaMKIIa-eYFP; AAV5-EF1a-Flex-ArchT-GFP) were packaged and supplied by the
UNC Vector Core Facility at titers of ~4-8 x 1012 vg/ml. For calcium imaging, viruses (AAV1-SynFlex-GCaMP6f.WPRE.SV40) were packaged and supplied by UPenn Vector Core at titers ~6 x
1012 vg/ml and viral aliquots were diluted prior to use with artificial cortex buffer to ~2 x 1012 vg/ml.
Stereotactic Surgeries
For all surgical procedures, mice were anesthetized with 1.5% isoflurane at an oxygen flow rate
of 1 L/min, and head-fixed in a stereotactic frame (David Kopf, Tujunga, CA). Eyes were lubricated
with an ophthalmic ointment, and body temperature maintained at 37°C with a T/pump warm
water recirculator (Stryker, Kalamazoo, MI). The fur was shaved and incision site sterilized prior
to beginning surgical procedures, and subcutaneous saline and carpofen were provided perioperatively and for 2 days post-operatively to prevent dehydration and for analgesia.
For in vivo Ca2+ imaging, mice underwent a single surgery in which 500nl of GCaMP6f and CAV2Cre virus was injected unilaterally with a Nanoject syringe (Drummond Scientific, Broomall, PA)
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prior to implanting a GRIN lens over the injection site. GRIN lenses were implanted with methods
previously described (Resendez et al., 2016). Briefly, a craniotomy centered at the lens
implantation site was made, and dura was removed from the brain surface and cleaned with a
stream of sterile saline and absorptive spears (Fine Science Tools (FST), Foster City, CA) prior
to lowering the GRIN lens (no tissue was aspirated out of site). 3 skull screws (FST, Foster City,
CA) were inserted in evenly spaced locations around the implantation site, and the lens was slowly
lowered in 0.1 mm DV steps and then fixed to the skull with dental cement (Dentsply Sinora,
Philadelphia, PA). For vCA1 imaging, a ~0.5 mm diameter, ~6.1 mm long GRIN lens was used
(Inscopix, Palo Alto, CA). Viral injection coordinates were (in mm, from brain tissue at site): (SynFlex-GCaMP6f virus into vCA1: -3.16 AP, 3.25 ML, -3.85, -3.50, -3.25 DV; CAV2-Cre virus into
LHA: -1.70 AP, 0.75 ML, -5.25, -5.0, -4.75 DV or BA: -1.70 AP, 3.0 ML, -4.25, -4.0 DV) and lens
coordinates were (in mm, from skull at craniotomy): (vCA1: -3.16 AP, 3.50 ML, -3.50 DV). At the
completion of surgery, the lens was protected with liquid mold rubber (Smooth-On, Lower
Macungie, PA), and imaging experiments commenced 3 weeks later.
For optogenetic surgeries, mice underwent a single surgery in which 500nl of opsin virus was
injected into the vCA1 subregion with a Nanoject syringe as described above, prior to implanting
fiber optics at the target site. Fiber optics were made with procedures previously published
(Kheirbek et al., 2013), and were cut at ~5mm in length for implantation. A single skull screw was
implanted to allow for better adherence of the dental cement to the skull surface. Virus was
injected in vCA1 at the following coordinates for all optogenetic manipulations (in mm): (-3.16 AP,
3.30 ML, -3.85, -3.50, -3.00 DV from brain at craniotomy). vCA1 cell body silencing was done with
bilateral virus and fiber optic implantation at the following coordinates (in mm): (-3.20 AP, 3.35
ML, -3.50 DV from brain at craniotomy). vCA1-BA terminal activation was done bilaterally with
fiber optic implantation at (in mm, from brain at craniotomy): (-1.70 AP, 3.00 ML, -4.00 DV), and
vCA1-LHA was done with unilateral virus and fiber optic implanted at: (-1.95 AP, 0.50 ML, -4.75
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DV). For CAV2-Cre/Flex-Arch vCA1 cell body silencing of LHA projections, mice were allowed to
recover for 4 weeks prior to commencing behavior experiments. For terminal activation,
experiments began 8 weeks after surgery to allow for sufficient viral expression and trafficking of
opsin to axon terminals.
Behavioral Assays
Elevated Plus Maze
Mice were placed in a standard EPM sized maze (13.5” height of maze from floor, 25” full length
of each arm-type, 2” arm width, 7” tall closed arms, with 0.5” tall/wide ledges on the open arms),
with ~650 light lux centered over the open arms to promote avoidance. Mice were placed in the
center region of the maze, and were allowed to explore for 10 minutes while recording behavior
with a webcam EthoVision XT 10 (Noldus, Leesburg, VA) or a digital camera (Carl Zeiss), and
analyzed with EthoVision software or TopScan tracking software (Clever Sys, Reston, VA). For
ArchT-GFP silencing experiments, mice were run for 20 minutes in the EPM to allow for a
sufficient number of open arm entries/ laser triggering events.
Open Field Test
Mice were placed in an arena (22 x 22 x 16” length-width-height; Kinder Scientific, Poway, CA)
with bright light (~650 lux) centered over the center zone, and allowed to explore for 10 minutes
while behavior was recorded and analyzed with MotorMonitor software.
Context exploration task for place field analysis
For place field analysis, mice were allowed to explore a novel arena (Context A- Context B- and
Context A) (9.5 x 11” length-width) for 10 minutes each in low light lux conditions, with a 10 minute
rest in a transfer cage in between sessions. Context A was a plain arena with short walls (6”
height) while Context B was generated by placing standard mouse bedding, and tall, rounded
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yellow walls (10” height) within the same arena as Context A. The arena was kept in the same
location for all 3 imaging sessions, and behavior was recorded and tracked with EthoVision XT
10 software.
Real-Time Place Preference
Mice were placed in an identical 2-chamber arena (18.5 x 10 x 8” length-width-height) with
standard mouse bedding and low light lux, and allowed to freely explore both chambers for 20
minutes while behavior was recorded with EthoVision XT 10 software.
Contextual Fear conditioning
Mice were run through a 2 day contextual fear conditioning paradigm. On day 1, mice were placed
in a standard fear conditioning shock box (Coulbourn Instruments, Holliston, MA) with the
following contextual cues: (anise scent, white noise, and a light on within the chamber), and were
allowed to explore the context for 3 minutes prior to receiving a 2 second 0.7mA strength foot
shock. On day 2, mice were placed back into the same context for 3 minutes to assess for freezing
during CFC retrieval. For vCA1-LHA terminal modulation, at the end of day 2 retrieval, mice were
given an additional 2 second foot shock to re-train them for day 3 retrieval testing. Behavior was
recording with FreezeFrame video software (Coulbourn Instruments, Holliston, MA), and freezing
was hand-scored by a blinded experimenter using Stopwatch scoring software (Center for
Behavioral Neuroscience).
Freely Moving Ca2+ imaging
3 weeks after surgery, mice were checked for GCaMP expression with a miniaturized microscope
(Inscopix, Palo Alto, CA) and procedures previously described (Resendez et al., 2016). Mice were
briefly anesthetized with 1.5% isoflurane at 1 L/min oxygen flow, and head-fixed into a stereotactic
frame. The protective rubber mold was removed from the lens, and a magnetic baseplate was
attached to a microscope and lowered over the implanted GRIN lens to assess the FOV for
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GCaMP+ neurons. If GCaMP+ neurons were visible, the baseplate was dental cemented in place
onto the mouse headcap to allow for re-imaging of the same FOV for several weeks. Once
baseplated, the same microscope was used for every imaging session with that mouse, and the
focal plane on the hardware of the miniscope was not altered throughout the imaging experiments
to ensure a constant FOV across sessions. Awake-behaving imaging sessions were commenced
the day after baseplating, and mice were briefly anesthetized (<5mins) in order to attach the
miniscope to the baseplate each imaging session day. Mice were allowed to recover from
anesthesia for 30 minutes before beginning imaging. Ca2+ videos were recorded with nVista
acquisition software (Inscopix, Palo Alto, CA), and triggered with a TTL pulse from EthoVision XT
10 and Noldus IO box system to allow for simultaneous acquisition of Ca2+ and behavioral videos.
Ca2+ videos were acquired at 15 frames per second with 66.56 ms exposure. An optimal LED
power was selected for each mouse based on GCaMP expression in the FOV (pixel values), and
the same LED settings were used for each mouse throughout the series of imaging sessions.
Optogenetic Manipulations
Mice were handled and habituated to fiber optic adaptor cables for 3 days prior to commencing
behavioral experiments. For ArchT-GFP silencing experiments, ~10mW of constant light were
delivered via a 523nm 100mW laser (Opto Engine, Midvale, UT) to fiber optics implanted in mouse
brain using a fiber optic patch cable as previously described (Kheirbek et al., 2013). For ChR2eYFP experiments, ~5-8mW of 5ms 10hz or 20hz light pulses were delivered via a 473nm 100mW
laser (Opto Engine, Midvale, UT), and light delivery protocol was controlled via a Master-8
stimulator (AMPI, Jerusalem, Israel). For closed-loop ArchT-GFP silencing experiments,
EthoVision XT 10 software and Noldus IO box system were used to record live-tracking of mice
while they explored the EPM, EZM, and RTPP tasks. The laser was triggered-ON when mice
were live-tracked in EthoVision in a pre-drawn stimulation zone (open arms for EPM, closed arms
for EZM, and a randomly selected chamber for RTPP). For ChR2-eYFP experiments, OFT
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optogenetic manipulations were ran in 3 minute laser epochs (light on-off-on). RTPP was ran as
described above. In CFC, on light-ON days, light was delivered for the entire session (including
through the end of the foot shock on day 1 light-ON cohorts).
Histology and Confocal and Epifluorescent Microscopy
For all histology, mice were perfused transcardially with 4% (weight/volume) paraformaldehyde
in 1X phosphate buffer solution (PBS) and brains were then removed and post-fixed in 4% PFA
for 24 hours, after-which they were transferred to a 30% sucrose solution in PBS for 2 days.
Sucrose-saturated brains were then flash-frozen and sliced in 50um thick coronal sections on a
cryostat (Leica CM 3050S). Sections were incubated with 1:100 Hoechst in 1x PBS (Invitrogen,
Carlsbad, CA) for 10 minutes to label cell nuclei, and mounted and cover-slipped with ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA). Endogenous viral expression of fluorophores
was used in all histology preparations (no immunolabeling was required to visualize fluorophores).
Histology slides were imaged on a (Leica TCS SP8) confocal microscope using a 10x or 20x
objective, or a (Zeiss Axiovert 200) epifluorescent microscope using a 2.5x or 10x objective.
Appropriate GRIN lens and fiber optic placements were determined by post-fixing brains with
head-caps and skulls intact for 1 week in 4% PFA to improve the clarity of the GRIN lens and fiber
optic tracts. Brains were then placed into 30% sucrose solution as described above, and slices
were collected in individual culture wells to maintain the accurate AP order sections for fiber optic/
lens placement reconstructions. Sections were then mounted in AP order, and the bottom location
of fiber optic tips and GRIN lenses were visually determined for each mouse by inspecting
sections on an epifluorescent microscope.
Image Processing
For projection-specific imaging, video motion correction was performed using Mosaic software
(version 1.0.5b; Inscopix, Palo Alto, CA). Videos were spatially downsampled by a binning factor
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of 4 (16x), and lateral brain movement was motion corrected using the registration engine
Turboreg (Ghosh et al., 2011; Ziv et al., 2013) which utilizes a single reference frame and highcontrast features in the image to shift frames with motion to matching XY positions throughout the
video. Black borders from XY translation in an improved automated algorithm optimized for
microendoscopic
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microEndoscopic data (CNMF-E) (Zhou, 2016). CNMF-E builds on a constrained nonnegative
matrix factorization (NMF) framework (Pnevmatikakis et al., 2016), and is capable of achieving
simultaneous denoising, deconvolution, and demixing of this imaging data. At a technical level, it
utilizes a novel model to efficiently estimate and subtract the large background signals present in
the data (details of the method can be found in (Zhou, 2016)). Motion corrected and cropped
videos were ran through the CNMF-E algorithm with an estimated cell diameter of 18 pixels
(measured on visible cells in imageJ). Putative neurons were identified, and sorted by visible
inspection for appropriate spatial configuration and Ca2+ dynamics, and putative units were
manually merged or split if the spatial configuration did not match regions of interests (ROI)
manually drawn in ImageJ ROI manager from visual inspection of a ΔF/Fo version of the video. In
the paper, we report the non-denoised temporal traces extracted by CNMF-E as neurons’
temporal activity. These traces were z-scaled with an estimated Gaussian noise level,
corresponding to a scaled version of ΔF/Fo of each neuron. Ca2+ transient events were then
defined with an event detection algorithm similar to that described in Chapters 1&2 methods for
whole-population imaging. Transients were Z-scored with the mean calculated from time points
lacking Ca2+ activity (defined as time points with fluorescence values less than the 0.50 quantile
of all fluorescence values from all cells in the FOV). Ca2+ events were then defined as transients
exceeding a 2 s.d. amplitude from a 0.5 s.d. baseline, lasting a minimum duration (calculated by
[-ln(A/Ao)/t_half] where Ao=0.5 and A= amplitude of that transient; t_half for GCaMP6f was
200ms, taken from (Chen et al., 2013)) before returning to a 0.5 s.d. baseline level. Additional
Ca2+ transient rising events within detected Ca2+ transients that were large and mult-peaked were
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then detected using the findpeaks function in MATLAB (Mathworks, Natick, MA) with the following
parameters (MinPeakProminence=1.5 s.d., MinPeakDistance= 1 sec). All detected Ca2+
transients were visibly inspected for each cell to verify accuracy.
Ca2+ Data Analysis
Ca2+ transient events and mouse behavior were analyzed with custom MATLAB (Mathworks,
Natick, MA) functions to calculate the rate of Ca2+ transients per cell while mice explored different
zones, and different XY spatial locations of the arena. Occupancy in different arena zones were
defined in EthoVision software and exported as a logical output at 30 frames per second. Behavior
data was downsampled to 5 frames per second to match Ca2+ transient data sampling, and logical
indexing was used to calculate Ca2+ transient rate in different behavioral conditions.
For defining cell selectivity, Ca2+ events were shuffled in time for individual cells (1000 iterations),
and shuffled rates were re-calculated with logical behavioral indexing to generate a null
distribution of zone Ca2+ event rates for each cell. A cell was considered selective for a zone if its
Ca2+ event rate difference between zones (EPM: open-closed; OFT: center-periphery; Novel
Object: Novel Object Zone- Neutral Zone) exceeded a 1SD threshold from the null distribution
(threshold was determined by comparing zone rates for “neutral cells” defined at different
thresholds, and the threshold at which neutral cells showed no significant Ca2+ transient rate
different between zones was selected).
Place cell analysis
Place field maps were drawn as previously described (Leutgeb et al., 2007) with a bin size of
~5cm2, and a sigma smoothing factor of 5, drawn from mobile time bins only (immobile time bins
were defined as velocities< 1cm/sec, for behavioral bouts>1 sec duration). A minimum of 10 Ca2+
transient events in the session was required to be included in the analysis, and qualified place
fields were defined as place fields with 9 contiguous bins containing 20% of the peak firing rate.
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Spatial information content values were calculated from the first context-A exposure imaging
session. Spatial information p-values were calculated as previously described (Danielson et al.,
2016a) by generating a null distribution of spatial information content values per cell (shuffling the
timing of Ca2+ events in time to generate null place field maps,1000 iterations), and comparing
the true spatial information content value to that shuffled distribution. Place field stability was
determined by comparing the R value from place field map correlations (Pearson’s correlation).
Only cells with qualified place fields in both conditions (A-A, or A-B) were included in this analysis.
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Chapter 5 Supplemental Figure
Figure S5: Optogenetic fiber placements of vCA1-BA and vCA1-LHA ChR2-eYFP mice
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Chapter 6

Conclusions
Although the hippocampus (HPC) has been widely accepted for its important role in spatial and
contextual memory processes, how the HPC contributes to anxiety-related behaviors has
remained elusive. A growing body of work suggests that this dual role of the HPC in both spatial
and mood-related behaviors is segregated along the anatomical dorsal-ventral axis of the
hippocampus, with dorsal HPC specializing in spatial information processing, and ventral HPC
(vHPC) contributing to mood and anxiety-related behavior (Fanselow and Dong, 2010; Strange
et al., 2014). Still, despite several studies demonstrating that vHPC manipulations can alter
anxiety-related behavior, how the vHPC encodes anxiogenic information, and how those
representations are used to guide behavior has remained unknown.
Here we have shown that the ventral HPC represents innately anxiogenic environments via a rate
coding preference in vCA1 pyramidal neurons. In Chapter 2, we described these anxiogenic
representations, and demonstrated that vCA1 heightened activity is necessary for avoidance
behavior. We further showed that this anxiogenic representation was specialized to vCA1
pyramidal neurons relative to dCA1, as anxiety-encoding neurons in vCA1 were more abundant
and stably recruited across multiple anxiogenic contexts. We next determined through which
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vCA1 output streams these effects on avoidance behavior could be mediated. We characterized
vCA1 projections to the lateral hypothalamus (LHA) and basal amygdala (BA), and found that
these projections arise from largely non-overlapping cell populations. Moreover, these projections
contribute to functionally distinct aspects of behavior, as vCA1 projections to the LHA are both
necessary and sufficient for avoidance behavior, while vCA1 projections to the BA modulate
contextual memory but not anxiety-related behavior. Finally, we found that in line with our
optogenetic behavioral manipulations, vCA1 projections to the LHA were highly enriched in
anxiety-encoding neurons relative to projections to the BA.

6.1 Specific implications for the ventral hippocampus and extended circuits in anxiety
An innate valence representation in the hippocampus
Our studies provide critical insight to mechanisms by which the HPC may contribute to anxietyrelated behavior. First, in contrast to the classical view that the HPC is a purely cognitive structure
which processes spatial stimuli that become paired with valence downstream, we have found that
vCA1 represents environments with innate anxiogenic valence. These representations were
stable across contexts within the same population of neurons, suggesting that these cells are
activated by the negative valence of those regions rather than representing spatial location.
Interestingly, although anxiogenic rate-preferring neurons were more abundant relative to
neurons preferring regions of relative safety, safety rate-preferring neurons also maintained their
rate-coding preference across multiple contexts (safe closed arm preferring neurons in the EPM
were also safe periphery-preferring in the OFT; Chapter 3). Thus, this observation gives rise to
the intriguing possibility that both positive and negative valence representations (safe versus
anxiogenic) may be represented by different subsets of neurons in vCA1, analogous to valence
representations that have been reported in the amygdala (reviewed by (Janak and Tye, 2015)).
In the amygdala, positive and negative valence encoding neurons are recruited by sensory stimuli
from multiple types of sensory modalities such as odor, taste, and tactile cues (Belova et al., 2007;
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Gore et al., 2015; Namburi et al., 2015; Paton et al., 2006; Uwano et al., 1995). Here, our tests
assessing vCA1 valence activity have been limited to visuospatial features with innate valence,
such as bright-lights, open spaces, and elevation. Whether or not this putative valence
representation within vCA1 extends to other sensory modalities such as that observed in the
amygdala remains to be tested. Still, if vCA1 were organized in a similar fashion to the amygdala,
we would predict the same population of vCA1 neurons to respond to multiple sensory modalities
of the same valence type. Moreover, considering the selective routing of anxiogenic valence
representations to LHA projecting neurons that promote avoidance, we predict that these valencespecific populations would differ in their outputs targets, such that approach versus avoidance
behaviors could be driven by those valence representations. In this model, positive valence vCA1
neurons may preferentially project to structures such as the nucleus accumbens (NAc) which can
alter goal-directed behavior, while negative valence neurons would preferentially project to
structures like the LHA which can elicit defensive behaviors (as demonstrated in this work).
Alternatively, valence representations within vCA1 may be limited to sensory experiences that
require the integration of complex visuospatial cues such as those exploited in the conflict-based
avoidance tasks used in this work. Indeed, recognition of open space, elevation, and bright
lighting as a threatening environment requires the integration of many complex spatial featuresa task ideal for the HPC. Further, discrete sensory cues with innate valence such as aversive
odors may by-pass the HPC to be processed by structures such as the amygdala, which receives
more direct and lower-order sensory inputs. Therefore, studies investigating the activity
responses of vCA1 neurons to aversive or appetitive odors, tastes, tactile, and social stimuli will
be critical for elucidating the specificity of these valence representations across sensory
modalities.
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Possible sources for vCA1 anxiogenic representations
Another intriguing consideration that would further elucidate the role of vCA1 anxiogenic
representations is which inputs provide the vCA1 open arm and center evoked activity observed
in these tasks. The main inputs to vCA1 are intrahippocampal inputs from vCA3 (via the canonical
trisynaptic circuit) and dCA1 (Swanson et al., 1978), and extrahippocampal inputs from the
entorhinal cortex (EC), BLA, and neuromodulatory fibers including serotonergic, cholinergic, and
dopaminergic inputs (Azmitia and Segal, 1978; Dolorfo and Amaral, 1998; Frotscher and Leranth,
1985; Gage and Thompson, 1980; Gasbarri et al., 1996; Pikkarainen et al., 1999; Tanaka et al.,
2012). Of these input sources, the BLA is an attractive candidate for providing vCA1 with the
anxiogenic representations described in this work, considering its role in valence recognition and
that its inputs to vHPC have recently been shown to impact anxiety-related behaviors (Felix-Ortiz
et al., 2013). However, single unit recordings of the BLA and BMA have thus far not supported
this possibility, as BA neurons have been found to be preferentially active in the safe closed arm
compartment of the EPM, with activity changes over much slower timescales during exploration
of conflict-based tasks than that observed in vCA1 (Adhikari et al., 2015; Wang et al., 2011).
Alternatively, this anxiogenic representation in vCA1 could arise via EC inputs that are specialized
to recognize specific environmental features that contribute to anxiogenic contexts such as color
change, differences in lighting, elevation, and lack of walls (Diehl et al., 2017; Lu et al., 2013).
Innate valence representations could thereby arise via selective routing of these features to
projection-defined vCA1 populations that modulate avoidance behavior. Moreover, this model
raises the intriguing possibility that selective routing of anxiogenic spatial features to vCA1
neurons that promote avoidance could begin at the level of vDG. Interestingly, this would require
that projection-defined vCA1 neurons are preferentially partnered with vDG and vCA3 neurons
that receive EC inputs which encode anxiogenic spatial features. A recent study has
demonstrated a synaptic architecture along the DG-CA3-CA1 axis that would support this model
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(Deguchi et al., 2011), as CA1 neurons were found to be preferentially partnered with DG and
CA3 neurons that were born at similar developmental time windows, creating segregated
channels between subpopulations of principal neurons along the radial axis of the HPC. However
whether these developmental lines support differential information routing from direct EC-DG
inputs to projection-defined vCA1 populations remains to be tested. Thus, future studies recording
and controlling input regions will determine the relative contribution of the EC, BLA, and upstream
CA3 and DG circuits in the generation of the anxiogenic signal in vCA1.

Differential information routing between projection-specific vCA1 populations
Interestingly, several recent works have demonstrated substantial anatomical segregation within
local HPC circuits, including parallel and non-overlapping projection-specific populations within
vCA1 (Cembrowski et al., 2016b; Jin and Maren, 2015; Kim and Cho, 2017; Lee et al., 2014b;
Okuyama et al., 2016; Parfitt et al., 2017; Xu et al., 2016), segregated developmental channels
along the radial axis of the HPC (Deguchi et al., 2011), and local and long-range connectivity
differences between deep and superficial layers of the CA1 pyramidal layer (Danielson et al.,
2016b; Lee et al., 2014b; Li et al., 2017; Masurkar et al., 2017). Moreover, recent studies,
including the work described in this thesis, have found that these vCA1 projection-specific
populations can contribute to unique aspects of behavior (Okuyama et al., 2016; Parfitt et al.,
2017; Xu et al., 2016). In addition, we find that anxiogenic information is differentially routed to
vCA1 projections to the LHA and BA, complementing the differences in behavioral contribution of
these pathways to anxiety-related behavior as demonstrated in Chapter 5. This suggests that
differential information routing within specialized sub-circuits of the HPC is a potential mechanism
by which the HPC can contribute to a diverse array of behavioral dimensions. Whether differential
routing of anxiogenic information in the BA and LHA pathways arises via long range extra-

102

hippocampal inputs directly to vCA1, or via differences in local inhibitory networks or segregated
development channels along the radial axis remains to be tested.

A novel role for the direct HPC to hypothalamus pathway in avoidance behavior
For decades, interactions between the HPC and hypothalamus have been limited to studies
investigating slow regulatory changes to the hypothalamic-pituitary-adrenal (HPA) axis through
glucocorticoid receptor-sensitive pathways (Herman et al., 2005; Jacobson and Sapolsky, 1991;
Ulrich-Lai and Herman, 2009; Ziegler and Herman, 2002). Here we demonstrate that direct vCA1
projections to the LHA can control avoidance behavior in real-time, likely independent of stress
hormone regulation considering how rapidly these behavioral effects occurred with laser
stimulation. Moreover, this control of avoidance behavior is mediated via selective routing of
anxiogenic representations to LHA projections, as anxiety-encoding neurons were enriched in
projections to the LHA relative to the BA. Intriguingly, projections to the LHA from the bed nucleus
of the stria terminalis (BNST) have recently been shown to mediate complementary valence
representations and effects on avoidance behavior to those described here in the vCA1-LHA
pathway (Kim et al., 2013). Specifically, (Kim et al., 2013) found that BNST neurons carry a
preferential representation for the safe closed arms of the EPM, and optogenetic stimulation of
BNST projections to the LHA decreased avoidance. This suggests that the convergence of
valence representations within LHA circuits may serve as a common mechanism by which
hypothalamic inputs may control avoidance behavior across varying environmental conditions.
Critically, the cell types within LHA that receive and mediate these changes in avoidance behavior
remain unknown, and must be dissected to further elucidate the role of these circuits in defensive
behaviors. Recent work has demonstrated that a population of glutamatergic neurons in LHA can
mediate avoidance behavior and aversion (Jennings et al., 2013); however whether vCA1 inputs
converge on this population remains unknown.
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In addition to mediating avoidance behavior via subcortical projections to the LHA, the vHPC was
recently shown to be necessary for avoidance behavior via projections to the medial prefrontal
cortex (mPFC) (Padilla-Coreano et al., 2016). Moreover, in vivo electrophysiology studies have
suggested that anxiogenic-preferring neurons are present within the vCA1-mPFC pathway
(Ciocchi et al., 2015), although to a lesser extent than that described here in vCA1 projections to
the LHA. This raises the question of how these parallel vCA1 pathways to high-order cortical and
low-order subcortical regions may differentially contribute to anxiety-related behavior. One
possibility is that the two pathways are analogous to the cortical “high road” and thalamic “low
road” auditory inputs to the amygdala in auditory fear conditioning (LeDoux, 1996; LeDoux, 2000),
where auditory cortex provides the amygdala with slower but more complex auditory
representations relative to faster and lower-order representations provided directly from auditory
thalamus. The substantial enrichment of anxiety-encoding neurons within the LHA pathway may
then serve as an immediate and crude threat assessment readout that can control avoidance
behavior rapidly, while vCA1 anxiogenic representations in the mPFC can be modified by other
cortical inputs that relay more complex environmental conditions and provide the opportunity to
control and modulate these emotional responses. This hypothesis may be assessed by
comparing the valence representations within downstream mPFC and LHA circuits that receive
direct vCA1 inputs, and assessing their differential contribution to anxiety-related tasks.
An important consideration and somewhat surprising aspect of our results was that the vCA1
projections to the BA did not alter anxiety-related behaviors, considering that the BA itself, and its
reciprocal inputs to vHPC have been shown to contribute to anxiety (Felix-Ortiz et al., 2013; Tye
et al., 2011). Rather, we find that these projections modulate the encoding and retrieval of
contextual fear memories, and that anxiety-encoding neurons are less abundant in BA projections
relative to the LHA pathway. These results suggest that learned context-valence associations and
innate valence representations may be mediated by separate vCA1 cell populations, whereby
neutral contextual information is relayed to the BA to become paired with valence during learning,
104

while innately valent contextual representations are preferentially routed to structures like the
LHA. Investigating the activity of vCA1 neurons during exploration of environments with learned
valence associations will therefore be critical for assessing how this circuit may differentially
encode innately valent and learned-valence associations.

6.2 A working model of the ventral hippocampus in anxiety-related behavior: the threat
detection system
All implications considered, this work still begs the staggering question of why a spatial memory
structure such as the hippocampus would be critical in regulating innate avoidance behavior in
anxiety-related tasks. Returning to the operational definitions of anxiety posited by McNaughton,
Gray, and the Blanchards as discussed in Chapter 1, anxiety behaviors are generated by distant
threats (defensive distance), and when there is a conflict between motivational drives (such as a
conflict between the desire to explore with the simultaneous desire to avoid potential threats).
Within this framework, our data support the notion that the HPC may function as a threat detection
system- a necessary component of defensive distance.
vCA1 neurons represent innately anxiogenic environments via a rate coding preference which is
preferentially routed to projections that control avoidance behavior through the LHA. Importantly,
the magnitude of this rate coding preference is highly correlated with the level of avoidance
exhibited by individual animals, with animals exhibiting the greatest changes in activity in
anxiogenic regions also exhibiting the highest levels of avoidance. Therefore, the magnitude of
activity within vCA1 anxiety-encoding neurons may function as a readout for defensive distancewith higher levels of activity serving as a readout for higher levels of perceived threat. Moreover,
the selective routing of this threat readout to neurons upstream of LHA avoidance circuits provides
a potential mechanism by which the defensive distance assessment can promote appropriate
defensive behaviors.
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In this model, we presume that vCA1 activity would scale with the level of threatening spatial
features present, which is supported by the observation that vCA1 activity is greater during head
dip behaviors (which are considered more anxiety-provoking) in the EPM relative to heightened
open arm activity. Moreover, this threat detection system could be tuned based on the internal
state of the animal by altering the overall excitability of vCA1 neurons, whereby modulatory inputs
that increase vCA1 excitability reflect heightened anxiety states and arousal, while inputs that
dampen vCA1 activity reflect lower anxiety states and therefore permit conflicting exploratory
drives to dominate behavior. This aspect of the model (internal state modulation) could account
for the natural variability in the magnitude of vCA1 activity seen across animals in the EPM,
despite having been tested in identical task conditions. Both of these presumptions are easily
testable- as vCA1 activity can be assessed in environments with graded anxiogenic value (such
as lower or brighter light conditions), and under higher or lower anxiety state conditions via acute
stress or anxiolytic treatments.
Internal state modulation of vCA1 activity could be accomplished by various pathways, as vCA1
receives a wide range of neuromodulatory inputs (including serotonergic and cholinergic inputs),
as well as direct inputs from the BLA- which exhibits heightened activity in anxiety disorder
patients which scales with disease severity (Duval et al., 2015), and whose inputs to vHPC have
been shown to modulate anxiety behavior (Felix-Ortiz et al., 2013). This possibility is intriguing,
as internal state modulation of vCA1 excitability by BLA inputs could account for the discrepancy
between BA in vivo electrophysiological recordings (which have thus far found comparable
valence representations in the EPM, making it an unlikely candidate for providing the valence
representation to vCA1 (Adhikari et al., 2015; Wang et al., 2011)) with the optogenetic findings by
(Felix-Ortiz et al., 2013), which demonstrated that BLA inputs to the vHPC can bidirectionally
control anxiety-related behavior in these tasks. In this model, the BLA could impact anxiety-related
behavior through inputs to vHPC by altering the baseline excitability of vCA1 neurons to reflect
internal anxiety and arousal state, while the spatial features of the anxiogenic open arm and center
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of the EPM and OFT are conveyed by EC inputs. In high anxiety conditions, the net result would
be increased vCA1 activation in anxiogenic environments and heightened avoidance, provided
by the integration of both EC spatial and BLA internal state inputs. Moreover, the BLA-vHPC
silencing effects (which resulted in decreased avoidance) described by (Felix-Ortiz et al., 2013)
would not be due to a loss of open-arm selectivity within vCA1 neurons, but rather a decrease in
the gain of that signal.
Returning to the why- as discussed above, the tasks utilized in this work were limited to
environments with innately aversive spatial features. In contrast to discrete sensory stimuli such
as aversive odors which are routed to valence encoding neurons in the amygdala, these spatial
features must be integrated to form a wholesome representation of the environment in order to
be recognized as threatening. Considering the substantial work demonstrating that the HPC is
critical in the formation of complex contextual representations, the HPC may therefore serve as
an ideal system for detecting threat and valence in spatial environments that harbor innate
valence.
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Taken together, our work demonstrates that innately anxiogenic information is represented at the
level of vCA1 in the HPC, and that this activity promotes avoidance behavior via preferential
routing to neurons that project to the LHA. Moreover, considering the number of non-overlapping
vCA1 output streams and their differential contributions to behavior, we propose that the HPC
may contribute to a diverse array of emotional behaviors via differential routing of emotionally
valent information to vCA1 subpopulations that can promote either goal-directed or defensive
behaviors (Figure 6.1). In contrast to the classical view of the HPC as a purely cognitive structure
that processes spatial information independent of valence, we provide compelling evidence that
the HPC encodes emotionally valent information at the level of vCA1. Future studies investigating
the contexts and sensory modalities in which the ventral HPC is recruited will elucidate the extent
to which vCA1 encodes valent information, and the behavioral dimensions in which it functions.
.

Figure 6.1: Schematic of anxiety cells in
vCA1 projection-specific populations
vCA1 pyramidal neurons are enriched in
anxiety-responsive neurons relative to dCA1
(triangles), while dCA1 is enriched in place
cells (circles). Within vCA1, projection specific
populations are differentially organized within
the CA1 layer, with LHA projecting neurons
more deeply located relative to BA projectors
(LHA projector layer: green cells; BA projector
layer: red cells). Place cells are sparse and
evenly distributed within these populations,
whereas anxiety cells are differentially
distributed, with a large enrichment of anxiety
cells within LHA projections relative to vCA1BA neurons. Moreover, projection-specific
populations modulate different behaviors, with
vCA1-LHA neurons driving avoidance
behavior and vCA1-mPFC neurons (purple
cells) contributing to avoidance and spatial
working memory, whereas vCA1-BA neurons
participate in contextual fear memories and
vCA1-NAc neurons (blue cells) participate in
social memory. Other task oriented cells may
be recruited in these different behaviors
(circles). Therefore, vCA1 may drive different
behaviors via a selective distribution of taskresponsive neurons within these projectionspecific neuronal populations.
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