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Abstract

Ventral Hippocampal Regulation of Contextual Fear and Extinction

Memory

Emma Taylor Brockway, PhD
The University of Texas at Austin, 2023

Supervisor: Michael R. Drew

Fear learning creates long-term memories through which predictive cues or the
context surrounding the fearful event acquire negative associations. Later exposure to these
stimuli elicits a fearful response, but this learned response will diminish in the absence of
threat, a process known as extinction. Extinction does not abolish fear memory, but instead
creates a separate memory of safety. The hippocampus is thought to be a hub for
competition of the expression of these two opposing memories. Neural ensemble
representations of contextual fear and extinction memories are distinct in the hippocampus,
but how these memories are processed to influence recall and behavior is not known. These
experiments sought to investigate activity in the ventral CA1 and subiculum (vHP), where
projections to other fear and extinction related structures are located, to better understand
how the hippocampus influences the expression and suppression of fear behavior. First, we
investigated whether activity among vHP projections to the BLA and IL differed during
context fear and extinction recall. We found that fear recall causes more activation of
projections to BLA compared to IL, while extinction recall results in the opposite pattern
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of more activation of projections to IL than BLA. This shows that the ventral hippocampus
IS sensitive to the valence of contextual memory, and signals to relevant brain regions based
on that valence. Next, we sought to selectively inhibit the projections from vHP to BLA
and IL to test if these projections are indeed necessary for further recall of these memories.
These manipulations were unsuccessful in impairing recall. Finally, we stimulated SST
interneurons in VHP or IL to induce feed-forward inhibition. We found that stimulating
VHP SST interneurons impaired fear recall, reducing fear behavior, and impaired extinction
learning, resulting in higher fear behavior in a later test. This result demonstrates the vHP’s
role in both context fear expression and suppression. Increasing inhibition in the IL did not
affect context fear or extinction recall but did impair auditory cue extinction. Overall, these
results provide evidence that vHP activity modulates context memory in a valence

dependent way through connections to other fear related regions.
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Chapter 1: Introduction

Memory of fear and safety are opposing in nature, yet often intricately tied together.
As one learns to overcome a particular fear, the memory of it does not go away, but new
memories of safety are made that can guide behavior. The hippocampus, a region long
studied for its role in memory, is thought to be a crucial region for representation and
competition of these memories. Yet how the hippocampus processes these opposing
memories and signals to other brain regions to initiate corresponding behavioral responses
is not fully understood.

Memory consists of enduring plasticity across a widely distributed population of
neurons in the brain (Josselyn et al., 2015). Work by Karl Lashley to identify the location
of memories in the brain demonstrated that lesions of many different cortical areas could
cause memory impairment, and led to the idea that memory is distributed across brain
regions (Lashley, 1950). However, some regions, like the hippocampus, have an outsized
role in forming and recalling particular types of memory. This was famously demonstrated
in the case of Henry Molaison (patient H.M.), in which both lobes of H.M.’s temporal
lobes, containing most of his hippocampus, were removed to treat his severe epilepsy
(Scoville and Milner, 1957). After the surgery, H.M. could no longer form new declarative
memories (anterograde amnesia) and could only recall events that happened long in the
past (temporally-graded retrograde amnesia). As H.M. could still perform other memory
tasks like motor-learning and short-term memory, this finding advanced the idea that
specific brain regions preferentially mediate certain types of memory and that the
hippocampus was necessary for formation of long-term declarative memories.

Fearful experiences create long lasting memories, in which cues and the context
surrounding the fearful event gain negative associations (Gale et al., 2004). Exposure to
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fear-associated cues or contexts at a later time elicits a fearful response, but repeated
presentations of these stimuli in the absence of threat will cause learned fear to gradually
diminish, a process known as extinction. However, extinction is not unlearning of fear, but
rather a new learning experience of safety, and fear often relapses. Investigating how
distinct memories of fear and extinction are expressed to activate or suppress fear behavior
can lead to better therapies as well as increase our understanding of memory processing in
the brain.

Recent studies have isolated memory traces to particular ensembles of neurons
(Josselyn, 2010; Josselyn et al., 2015). The plasticity changes during learning in these
particular neurons and their later reactivation gives rise to recall of memory (Liu et al.,
2012a; Park et al., 2016). Neurons active in the hippocampus during learning of fear
memory can be selectively labeled, and activating or inhibiting this ensemble can increase
or decrease fear respectively (Liu et al., 2012a; Chen et al., 2019). After extinction of fear,
when fear responses are low, a memory of relative safety can be similarly targeted and
manipulated (Lacagnina et al., 2019). However, in this case increasing activity of the
ensemble leads to decreased fear behavior, and inhibiting the extinction ensemble leads to
increased fear behavior. While the hippocampus maintains memory representations of both
fear and extinction memories, how these otherwise similar sets of neurons give rise to
opposing behavioral responses based on the associated valence of the memory is not well
understood.

As more has been learned about hippocampal memory ensembles, there has been
increasing focus to understand how the hippocampus functions within larger circuits to
initiate proper recall of memory and lead to memory-appropriate behavioral responses.
This dissertation centers on that question: how does the hippocampus output information

to evoke behavior that is appropriate to a memory? To investigate this question, this
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dissertation will provide an overview of fear and extinction learning and memory and what
is known about the hippocampus and larger circuitry involved, and then describe
experiments performed to investigate the role of the ventral hippocampus in fear and

extinction memory processing.

1.1 LEARNING OF FEAR AND SAFETY

1.1.1 Fear Conditioning

Pavlovian fear conditioning is a widely studied model of associative learning. At
its roots, Pavlovian conditioning describes a learned association between stimuli and
outcomes (Rescorla, 1987). An aversive stimulus (unconditioned stimulus, US) naturally
can cause a behavioral response (unconditioned response, UR). In the classic example,
Pavlov’s dogs would salivate (UR) when presented with food (US). By pairing a neutral
stimulus (conditioned stimulus, CS) such as ringing a bell right before the US, an
association between the two is learned, such that the new stimulus also produces a
conditioned response (CR), and the dogs then salivate when they hear the bell (Rescorla,
1987). Pavlovian conditioning allows the subject to learn about associations and
consequences of the things they experience and use that memory to predict and interact
with their environment.

In fear conditioning, by pairing a neutral stimulus with an aversive stimulus, the
neutral stimulus acquires the ability to elicit defensive or fearful responses. Fear memory
is an adaptive form of learning and is incredibly conserved amongst species (Pape and Pare,
2010). An animal that learns to associate predictive cues with an approaching predator is
more likely to live on. The behaviors we might consider “fear” behavior change species to

species, but associative conditioning can widely be used to describe this type of learning
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(Bolles, 1970; Crawford and Masterson, 1982). Cued fear conditioning paradigms are
commonly used in rodents where a discrete stimulus such as an auditory tone or light are
presented for a few second then culminate in a short foot shock delivered through an
electrified grid flooring (Rescorla, 1968, 1987). Upon later presentation of the cue, subjects
will display freezing behavior, or the absence of all movement other than breathing, which
IS an adaptive fear response in rodents to avoid detection by predators (Bouton and Bolles,
1980). Context fear conditioning is a form of conditioning where there is no discrete cue
as the conditioned stimulus, but instead the assortment of features that make up the
environmental background are associated with the aversive stimulus (eg. a foot shock)
(Fanselow, 1990, 2000). As a result, subjects will display freezing when returned to the

context.

1.1.2 Fear Extinction

Fear extinction describes an opposing form of learning to fear conditioning in
which fear responses decrease over repeated exposure to a CS that is not followed by an
aversive stimulus (Bouton and Bolles, 1979). Fear memory can serve an adaptive function
to help organisms recognize dangerous situations and apply past knowledge to avoid
painful outcomes. However, it is equally important to learn when those associations are no
longer applicable and adapt behavior accordingly. This is often modeled through repeated
presentations of a discrete CS in one session, or repeated re-exposure to the conditioned
context over multiple sessions. Fear responses will gradually attenuate across the
presentations.

Extinction learning is not considered unlearning of the original fear association, but
rather the new learning of a competing association of safety that may inhibit fear memory

and responses (Lattal et al., 2006). This can be seen through mechanisms such as
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spontaneous recovery of fear, where fear responses return over time, demonstrating that
the fear memory is still present and can be recalled (Shurtleff and Ayres, 1981). Fear
responses can also be renewed by presenting the extinguished CS in a context other than
the extinction context, or reinstated by presenting the US non-contingent with the CS
(Bouton and Bolles, 1979; Bouton and King, 1983). Renewal demonstrates that extinction
is highly context dependent. Bouton and King (1983) compared groups of rats that were
fear conditioned to an auditory tone in one context (A) then received extinction trials in
either the original fear context (A) or an alternate context (B). Although both groups show
similar loss of conditioned fear during extinction, when both groups were tested in context
A, the rats that received extinction in context A showed less fear, whereas the rats
extinguished in an alternate context (B) had higher fear. This shows that the expression of
extinction is highly sensitive to contextual cues. Bouton suggested that contextual cues
serve to disambiguate the significance of a stimulus, helping to identify when a situation is
predictive of shock and allowing for adaptive behavior as conditions change (Bouton,

1993).
1.1.3 Neural Circuits of Fear and Extinction

The neural circuitry underlying fear learning and memory consists of a distributed
network of regions working in concert to control acquisition, consolidation, and
expression. Each structure contributes differently to these learning and memory processes,
and the interconnectivity of these regions gives rise to complex and finely controlled
memory recall and behavior.

The amygdala, particularly the basolateral complex of the amygdala (BLA), is
essential for fear conditioning (Fanselow and Ledoux, 1999). The amygdala receives input

from cortical and thalamic areas containing sensory information about the CS and US, and
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the spatiotemporal association of this input causes Hebbian plasticity (Ledoux, 2000; Pape
and Pare, 2010). Information is then routed to the central amygdala, which projects to
hypothalamic and brainstem targets to initiate defensive behavior. Lesions of the amygdala
prior to fear learning block the acquisition of conditioned fear responses, and lesions a
month after fear learning can block the recall and expression of fear (Davis, 1992; Maren
etal., 1996a). The firing and plasticity of amygdala neurons is also critical for learning and
expression of conditioned fear. Fear conditioning enhances the responses of amygdala
neurons, and acquisition of fear conditioning can also be blocked with an N-methyl-D-
aspartate (NMDA) receptor antagonist (Quirk et al., 1995; Maren et al., 1996b; Maren and
Quirk, 2004). Human studies have also shown that amygdala activation corresponds to fear
expression and that amygdalar ablation leads to reduced and abnormal fear expression
(Vytal and Hamann, 2010; Feinstein et al., 2011). The large number of studies on the
amygdala have positioned this region as the main hub for fear learning and expression.
The amygdala is also integral to fear extinction. Acquisition of fear extinction is
impaired by blocking NR2B-containing NMDA receptors or mitogen-activated protein
kinase/extracellular-signal regulated kinase (MAPK/ERK) in the BLA (Herry et al., 2006;
Sotres-Bayon et al., 2007). Distinct groups of neurons in the amygdala appear to encode
fear and extinction, with the fear population showing an excitatory response to the fear cue
after fear conditioning and the extinction population initially showing no response to the
cue but increasing responding late in extinction (Herry et al., 2008; Grewe et al., 2017).
The intercalated cells, a GABAergic population between the basolateral amygdala and the
central amygdala, may mediate the response of these extinction-activated neurons, as the
intercalated cells are required for expression of fear extinction and show increased
inhibition onto central amygdala neurons after extinction (Likhtik et al., 2008; Amano et

al., 2010). Altogether, the amygdala is essential for both fear and extinction.
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The medial prefrontal cortex (mPFC) asserts top-down control of the amygdala,
and greatly influences fear expression and suppression. In rodents, the mPFC is subdivided
into infralimbic (IL) and prelimbic (PL) regions. Early studies implicated the mPFC in
behavioral control of fear, but not learning of fear and extinction. Lesions of the entire
mPFC did not have an effect on the level of fear expression to context or cued fear
conditioning, but these animals took longer to reach extinction criterion (Morgan et al.,
1993). In a follow up study, selective lesions of the PL demonstrated a general increase in
fear during both acquisition and extinction, suggesting the PL mediated the amount of
conditioned fear expressed (Morgan and LeDoux, 1995). Electrolytic lesions of the vmPFC
(including IL and some PL) before fear conditioning had no effect on fear conditioning or
extinction training, but were apparent the following day when lesioned animals displayed
significantly higher fear (Quirk et al., 2000). This was taken to mean that IL was not
necessary for learning extinction within training but was necessary for the consolidation
and later retrieval of extinction memory.

Further characterization of the PL and IL have confirmed their opposing influences
on fear expressions and suppression, while also showing that these regions are involved in
fear and extinction learning to some extent. Recordings show increased PL responding
during the presentation of the CS which correlates with freezing behavior across both
acquisition and extinction phases (Milad and Quirk, 2002; Burgos-Robles et al., 2009). The
persistence of PL activity also correlates with failure to express extinction, or persistence
of fear behavior after extinction. Inactivation of the PL during extinction causes reduced
freezing within the session, but has no effect on learning extinction as shown in later recall
tests (Laurent and Westbrook, 2009; Sierra-Mercado et al., 2011). These studies
demonstrate that PL activity influences the expression of conditioned fear, but there is

some evidence that PL is involved in acquisition of learned fear. In a contextual
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discrimination task, where there are two CS’s and one is paired with shock only in context
A and the other CS is only paired with shock in context B, PL inactivation interferes with
encoding and expression of appropriate CS responding (Sharpe and Killcross, 2015).
Additionally, inactivation of PL following brief fear memory retrieval has been shown to
block reconsolidation of the memory, resulting in impaired fear memory and reinstatement
at later times (Stern et al., 2014). Altogether, the PL is a key influence on the expression
of fear and may be involved in acquisition and maintenance of learned fear depending on
specific task parameters.

Further investigation of the IL has similarly confirmed its role in the suppression
of fear while elucidating its role in extinction learning and consolidation. Inactivating 1L
during extinction recall impairs expression of learned extinction (Laurent and Westbrook,
2009). Recordings of IL neurons show increased activity during extinction recall, and
electrically stimulating the IL when the CS is presented during extinction leads to better
extinction recall later (less fear behavior) (Milad and Quirk, 2002). Pharmacological
inactivation of IL during extinction learning also impairs extinction recall (Sierra-Mercado
et al., 2011). These results show that the IL is involved in the suppression of fear during
extinction learning and retrieval. Additionally, simultaneous recordings of both IL and PL
have demonstrated that the relative balance of activity between the two regions correlates
with the amount of fear behavior that is displayed, where higher PL activity was seen along
with higher levels of fear (Giustino et al., 2016). The PL and IL appear to work in tandem
to influence the expression or suppression of fear, respectively. The studies showing
impaired learning and memory consolidation further suggest that the mPFC plays a role in
learning and maintenance of memory. The contrasting influences of the mPFC suggest that

it plays a role in higher-order memory, which may be especially important in extinction,
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when new associations are learned, and in cases like the discrimination task, where
judgements based on competing associations guide behavior.

mPFC is believed to influence extinction learning through projections to the BLA.
In naive mice, IL and PL projections recruit equivalent excitation and feedforward
inhibition of principal neurons in the BLA. However, fear conditioning causes a selective
decrease in the inhibition:excitation balance in the PL circuit only, suggesting the PL to
BLA pathway undergoes synaptic plasticity during fear learning (Arruda-Carvalho and
Clem, 2014). On the other hand, optogenetically stimulating or inhibiting the IL to BLA
projections during extinction acquisition results in better extinction recall and worse
extinction recall respectively (Bukalo et al., 2015). Recordings of IL and BLA also
demonstrate that theta coupling (synchronous activity between these regions) is high early
in extinction learning and when discriminating a safe cue from an aversive cue (Likhtik et
al., 2014). Based on these and other studies, projections from PFC to BLA are believed to
influence extinction learning but not the expression of extinction.

Finally, the hippocampus is traditionally thought to process contextual cues related
to when and where to express or suppress learned fear. Lesioning the hippocampus shortly
after auditory fear conditioning greatly reduces freezing to the fear context but not to a
learned tone (Kim and Fanselow, 1992; Maren et al., 1997). Rats that received lesions one
day after fear conditioning display little to no freezing to the fear context, however rats that
were lesioned at longer intervals after conditioning retained significant context memory
(Kim and Fanselow, 1992). Rats in all lesion groups displayed similar freezing to the
conditioned tone. Because of this temporal degradation of context memory but not a
discrete tone, the hippocampus is thought to facilitate the rapid learning of conjunctive
representations of environmental features. However, the hippocampus is not needed for

recall of remote context memories, and rats without a hippocampus can still learn context
20



conditioning when a task is extensively trained, showing some compensation and
recruitment of other brain regions for context memory (Wiltgen, 2006). In these and many
other studies, the hippocampus has been shown to play an integral role in contextual
memory.

Additionally, extinction is highly context-dependent and the context becomes a
powerful predictor of whether an auditory cue will signal shock (Bouton et al., 2006).
When recall is tested in the environment in which extinction was learned, extinction is well
recalled and fear is low: when extinction tested in the original fear context or a new context,
fear is renewed (Bouton and King, 1983). Pharmacologically inactivating the hippocampus
attenuates this renewal of fear to an extinguished CS when it is presented outside of the
extinction context and disrupts context-specific firing patterns of amygdala neurons to the
extinguished CS, demonstrating that the hippocampus processes the contextual cues
involved in fear conditioning (Corcoran and Maren, 2001; Maren and Hobin, 2007). Fear
renewal can also be blocked by inhibiting the input from the ventral hippocampus to the IL
(Marek et al., 2018). Thus, the hippocampus exerts contextual control over cued fear
expression and suppression through its connections with the amygdala and PFC.

The hippocampus generates a conjunctive representation of context, binding
together multi-sensory features of the environment (Fanselow, 2000; O’Reilly and Rudy,
2001). Traditionally, after context-shock pairings this context representation acquires the
ability to elicit fear through projections to the amygdala (Ledoux, 2000; Maren and Quirk,
2004). This view positions the hippocampal context representation as a static CS, where
conditioning and extinction do not alter the representation itself but do alter the ability of
the context representation to elicit fear. Many studies have indeed shown that context
memory formation is a separate and necessary process in order for context fear

conditioning to occur. When mice are not given adequate time to process the context, and
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a shock is delivered immediately after being placed in the context, mice will not display
learned fear to the context in later tests (Fanselow, 1990). However, if mice are given time
to explore and learn the context a day prior the same immediately-delivered shock will
result in conditioned fear to the context, suggesting that an existing context representation
is being recalled and enabling the learning of a context-US association (Rudy et al., 2002).
The hippocampal role in context fear conditioning and cued fear conditioning is mediated
through projections to the amygdala. Optogenetic inhibition of ventral hippocampal
projections to the basal amygdala reduces freezing to a conditioned context, whereas
inhibiting a parallel projection to the central amygdala impairs context-dependent renewal
of cued fear memory (Xu et al.,, 2016). These studies show that the hippocampus
contributes critical information about context during conditioning.

However, recent studies have demonstrated that hippocampal context
representations are not static, and hippocampal plasticity and activity contribute to
distinguishing memory for fear and safety within the same context. Memory
representations are thought to consist of enduring plasticity in ensembles of neurons.
Hippocampal CA1 place cells receive sensory input and are highly selective, firing action
potentials in one preferred location in space. Place cells are typically stable in a context,
representing a stable memory trace related to the environment, and remapping (meaning
the place fields move location, appear, or disappear) is usually associated with a change to
a different context altogether (Colgin et al., 2008). However, CA1 place cells have been
demonstrated to remap during fear conditioning, suggesting that the context changed
enough to require a new representation (Moita, 2004). Indeed, the new place maps
remained stable for a period of days (Wang et al., 2012). Remapping also occurs during

fear extinction, suggesting that the contextual representation of space alters during fear and
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extinction learning to encode emotional valence in addition to spatial information (Wang
etal., 2015).

Studies using immediate-early gene tagging systems have further identified distinct
ensembles of hippocampal neurons in the dentate gyrus that represent fear and extinction
memory. These strategies take advantage of the fact that immediate early genes (IEGS),
such as c-Fos and Arc, become expressed in response to neural activity (Greenburg and
Ziff, 1984; Morgan and Curran, 1989). Transgenic mice have been engineered to so that
expression of an IEG additionally drives the transcription of a reporter to label and target
the cell. The window of tagging of these systems is limited by requiring another component
for recombination, such as the introduction of 4-hydroxytomoxifen for the ArcCreERT?
system (Denny et al., 2014). These mice allow for the tagging of neurons active during a
particular experience and then comparison to IEG’s active in neurons during a later
experience. When neural ensembles are tagged during fear conditioning and compared to
neural activation following context fear retrieval, a higher degree of reactivated neurons
are seen in the DG and CAS3 than in a mouse exposed to a novel context (Denny et al.,
2014). Reactivation of the original tagged ensemble is believed to underly recall of the
memory. Reactivation is both necessary and sufficient for recall, as optogenetically
silencing this fear-tagged ensemble was demonstrated to impair fear expression, whereas
stimulating a fear-tagged ensemble has been shown to induce freezing in a novel context
(Liu etal., 2012b; Denny et al., 2014).

Work in our lab by Anthony Lacagnina further investigated the influence of
extinction on a fear-tagged ensemble. He found that mice that received extinction exhibited
less reactivation of the fear-tagged ensemble than mice who did not receive extinction and
were tested for recall of fear (Lacagnina et al., 2019). In a second experiment, an extinction

ensemble was tagged after 10 days of extinction, and this ensemble showed high
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reactivation when tested 5 days later when fear was low. In contrast, fear-tagged neurons
were again highly reactivated 28 days after extinction, when animals showed spontaneous
recovery of fear. These results demonstrated that fear and extinction were distinctly
represented in hippocampal neural ensembles, and that reactivation of these neurons
corresponded to the level of activation of fear. Further, Lacagnina et al. demonstrated that
optogenetic silencing of the extinction-tagged ensemble increased fear after extinction,
whereas silencing the fear-tagged ensemble reduced fear during spontaneous recovery.
Altogether, these studies show that fear and extinction are encoded in distinct ensembles
in the hippocampus that can influence fear behavior in opposing manners. This suggests
that hippocampal context representations change during extinction to encode the valence
of the memory and influence behavior accordingly, rather than maintaining a stable
representation of context that acquires fear association in the amygdala like previously

thought.

1.2 MEMORY AND FUNCTION IN THE HIPPOCAMPUS

The hippocampus is a hub for the construction of multisensory features into a
representation of a spatial environment in a way that can support complex memory of that
space and influence behavior accordingly. Further investigation into the structure and other
functions of the hippocampus may lead to a better understanding of how the hippocampus
processes memory and signals this information to affect behavior. The hippocampus is
made up of multiple subregions, namely the dentate gyrus (DG), CA3, and CAl.
Hippocampal memory functions are thought to occur through processes of pattern
separation and completion (Rolls, 1996, 2018; Leutgeb et al., 2007; Kesner and Rolls,

2015). This computational theory of hippocampal function has been extensively described
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along with tests of this theory by Kesner and Rolls (2015) and is briefly summarized in the
rest of this paragraph. Cortical sensory input from the entorhinal cortex first goes to the
DG, where a process of pattern separation occurs. Interneuron activity in the DG keeps
cells firing at a low rate, allowing for sparse activation of neurons during memory encoding
that allows for distinct patterns of ensemble activity. Orthogonalized patterns of sparse
activity in the DG are thought to allow for separation of memories for rapid learning
without damaging previously existing representations. DG sends information through the
mossy fibers to the CA3, where pattern completion occurs. CA3 is considered a single-
attractor or auto-association network that allows for rapid one-trial associations between
features as well as the ability to complete a whole memory from the recall of one part.
While DG pattern separation is critical to learning distinct memories, during recall sensory
information can directly project from the entorhinal cortex to CA3 through the perforant
path, where CA3 recurrent collaterals allow for recall of a full featured representation. This
information is then processed in the CA1, which sends projections to cortical areas to
reinstate the memory representation in other cortical areas and project to subcortical areas
to guide actions. These theories of pattern separation and pattern completion are thought
to allow the hippocampus to rapidly acquire and store distinct memories, and to reactivate
full memory representations based on partial features.

The hippocampus is further subdivided into dorsal (or anterior) and ventral
(posterior) segments that have different input and output connectivity to other brain
regions. The aforementioned studies identifying distinct fear and extinction ensemble
representations during recall have focused on the dorsal DG and CA3 (Liu et al., 2012b;
Denny et al., 2014; Lacagnina et al., 2019), but the projections to the prefrontal cortex and
amygdala that may influence fear behavior originate from the ventral CA1 and subiculum.

There is still much to understand about how fear memory may be differently represented
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and conveyed through the trisynaptic circuit and to the ventral output regions, and how
ventral hippocampal projections influence other brain regions involved in fear memory
expression. Here | will discuss some of the research on other types of memory and behavior
in the hippocampus, namely spatial processing and behavioral regulation, to help put fear

context memory into the context of broader hippocampal function.

1.2.1 Functional Differentiation of Dorsal and Ventral Hippocampus

The hippocampus is a collection of distinct subfields classified by their cell types
and projection patterns. Along the transverse axis of the hippocampus is the trisynaptic
circuit, where synaptic transmission flows from the granule cells of the dentate gyrus via
mossy fibers to the pyramidal cells of the CA3, then via Shaffer collaterals to the pyramidal
cells of the CAL. If the hippocampus were a swiss roll, taking a cross section slice of the
roll would reveal the cellular layers and subregions like the icing going through, with the
same swirl pattern consistently represented through the long cake no matter where you
slice it. The transverse connections (the slice) in this elongated brain region are repeated
throughout the longitudinal or septotemporal axis (the length of the swiss roll) in such a
way that it was once thought to have independent laminar structure (Andersen et al., 1971),
but the hippocampus has indeed been shown to have internal connections along the
septotemporal axis. Associational projections in the DG and CA3, neurons that contact
back onto dendrites within their cellular layer, span long lengths of the septotemporal axis
and consist of two largely non-overlapping clusters, one of which spans approximately the
dorsal two thirds and the other the remaining ventral one third (Swanson et al., 1978).
Importantly, these associational projections differentiate the dorsal and ventral poles of this
axis, which have quite different external connectivity (Amaral and Witter, 1989). While

the CA1 does not have associational projections, CAL1 pyramidal neurons project broadly
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to the subiculum, with individual axonal branches extending to as much as one third of the
transverse axis of the subiculum (Tamamaki et al., 1987; Witter and Amaral, 1991).
Interestingly, the subiculum gives rise to a largely unidirectional longitudinal associational
projection that extends from the level of the cells of origin to much of the subiculum located
ventrally (Harris et al., 2001). Associational projections among the cell layers show both
how the hippocampus is distinctly segmented along the septotemporal axis, and how
communication along this axis can occur.

A difference in afferent sensory cortical connections provides these two
hippocampal regions with access to different amounts and types of sensory information.
The wide-ranging sensory input that is conveyed to the hippocampus is routed through the
entorhinal cortex (EC). Within the EC there are three band-like zones that span across the
defined subfields of the region. These bands are only sparsely interconnected and project
to specific areas of the hippocampal dentate gyrus. The caudolateral zone of the EC
innervates the septal (dorsal) half of the DG, the intermediate zone the adjacent quarter,
and the rostomedial zone the most temporal (ventral) quarter (Witter, 1986; Dolorfo and
Amaral, 1998). Because of this division, the various areas of the hippocampus receive
separate sensory cortical information from the perirhinal and postrhinal cortices via the EC
(For review, see: Witter, 1986; Witter et al., 2017). The caudolateral EC band receives the
most visuospatial and other sensory information from the perirhinal cortex, which is
conveyed to the dorsal two thirds of the hippocampus, and the medial band, which projects
temporally, primarily receives hypothalamic and olfactory area inputs. The intermediate
band of the EC receives widespread sensory input. While there is some overlap in conveyed
sensory information, namely coming from the olfactory cortex, there is a significant
division in these pathways along the dorsal to ventral axis, meaning that spatial sensory

information is predominantly relayed to the dorsal region. So the dorsal and intermediate
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regions receive visuospatial and other widespread sensory input and have associational
connections between them, while the ventral region is distinctly separate, and receives the
bulk of olfactory, gustatory, and visceral inputs.

External hippocampal projections are also topographical. Axons from CALl and the
subiculum, two main output areas of the hippocampus, terminate in areas of EC that they
receive information from, where dorsal projections terminate more laterally in the EC and
ventral projections terminate in the medial area (Kohler, 1985; van Groen et al., 1986).
Efferent hippocampal projections also differentially innervate subcortical structures
topographically. Hippocampal projections to the lateral septum (LS) are graded in that the
dorsal hippocampus projects to the dorsal LS and progressively more ventral regions in the
hippocampus project to progressively larger and more ventral regions of the LS (Swanson
and Cowan, 1977; Risold and Swanson, 1996). The lateral septum in turn projects
topographically to various hypothalamic areas, providing various means of affecting
behavior.

Analysis of other dorsal and ventral efferent projections further suggests a
functional separation based on the roles of structures the dorsal and ventral hippocampus
project to. The dorsal CA1 and subiculum have two prominent projections to the
retrosplenial and anterior cingulate cortices (Cenquizca and Swanson, 2007), regions that
are involved in processing visuospatial information and spatial navigation (Frankland et
al., 2004; Troy Harker and Whishaw, 2004). Along with projections to the mammillary
nuclei and anterior thalamus, which contain navigation-related head direction neurons
(Taube, 2007), these pathways provide a mechanism for the hippocampus’s influence on
spatial memory. Additionally, the dorsal hippocampus can influence the ventral tegmental
area (VTA) and substantia nigra (SNr) by way of projections to the rostrolateral nucleus

accumbens and rostral caudoputamen. The VTA and SNr are important for locomotion and
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orienting movements of the eye, head and neck, as well as dopamine projections that are
crucial for reward and motivation (Swanson and Kalivas, 2000; Gruber and McDonald,
2012). Overall, the connection of the dorsal hippocampus to these regions suggests a
network capable of processing spatial information and coordinating locomotion and
navigation.

While the dorsal region appears poised to process the bulk of sensory spatial
information, the ventral hippocampus has afferent and efferent connections with limbic and
hypothalamic regions involved in arousal and emotional regulation. The ventral CAl
region sends projections to the olfactory bulb and associated cortical areas, regions which
have been implicated in depression-like symptoms (Cenquizca and Swanson, 2007; Wang
et al., 2007; Fanselow and Dong, 2010). The ventral hippocampus also sends projections
to the amygdala, lateral septum, medial prefrontal cortex, and bed nucleus of the stria
terminalis (BNST), providing a network of influences on downstream hypothalamic nuclei
that regulate neuroendocrine, autonomic, and somatic motor activities involved in
motivated behaviors like sexual reproduction, maternal behavior, social behavior, feeding
and defense. Projections to the amygdala, an essential structure for Pavlovian fear
conditioning, arise most substantially from ventral CA1 and subiculum, and the amygdala
reciprocates projections to the ventral hippocampus (Van Groen and Wyss, 1990; Petrovich
et al., 2001; Kishi et al., 2006; Cenquizca and Swanson, 2007). The ventral CA1 and
subiculum also send projections to the caudomedial nucleus accumbens (shell), which is
integral to reward processing and motivated behavior (Gruber et al., 2009; Wassum et al.,
2009). The ventral hippocampus also has a higher density of dopaminergic, noradrenergic,
and serotonergic terminals than the dorsal hippocampus (Gage and Thompson, 1980;
Verney et al., 1985). Altogether, the connectivity of the ventral region of the hippocampus

suggests that it receives input relevant to and modulates the activity of neuroendocrine,
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motivational, and emotional systems, in contrast to the spatial- and navigation-related

function of the dorsal hippocampus.

1.2.2 Spatial Memory

The hippocampus has been extensively studied for its involvement in spatial
memory. Hippocampal neurons in CA1 are well known for their role as place cells, as they
activate preferentially in a particular location in space (O’Keefe and Dostrovsky, 1971).
These cells have low baseline firing rates, with marked increase in firing when a rat orients
towards and moves through a particular place, deemed a place field. O’Keefe and Nadel
theorized that the hippocampus serves as a spatial reference map, providing other brain
regions with information about where the animal is in the environment (O’Keefe and
Nadel, 1978). They further posited that the ability of the hippocampus to represent space
may allow it to serve as a cognitive map like that proposed by Tolman, a mental
representation of space and context that can support memory storage and be used for
prediction and guidance (Tolman, 1948; O’Keefe and Nadel, 1978). Since then, spatial
memory tasks such as the Morris water maze and T-maze have been used to show that
hippocampal damage causes dramatic impairment in spatial processing and memory
(Morris et al., 1982). In the Morris water maze, rats with total hippocampal lesions,
superficial cortical lesions, or sham-operated animals are tasked with learning the location
of a platform hidden in a pool of opaque water in order to escape swimming in the pool.
Although control groups learn this task rapidly, hippocampal lesioned rats have significant
impairment, taking much longer, circuitous routes to find the platform (Morris et al., 1982;
Moser et al., 1993).

Lesion studies show that dorsal hippocampus plays a larger role in spatial learning

than ventral hippocampus. Work by the Mosers showed that lesioning as little as 20% of
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the dorsal end caused longer latencies for mice to find a hidden platform in the task, with
progressively larger lesions leading to linear increases in latency, whereas behavioral
impairment on this task was only seen after lesions of at least 40% of the ventral
hippocampus, and in these cases the escape latencies were still lower than the largest dorsal
lesions (Moser et al., 1993). A following experiment using ibotenic acid lesions to spare
fibers passing through these regions showed that these effects were likely due to
impairments in hippocampal processing (Moser et al., 1995). This work suggests that the
dorsal hippocampal region is responsible for spatial information processing, and that the
ventral hippocampus has comparably little influence on spatial processing and navigation.

The role of the dorsal hippocampus in spatial processing was also shown in other
behavioral tasks, including the T-maze and radial arm maze. The T-maze, named for its
shape, has one main runway that branches into two runways. A rat is placed at the start of
the long runway, then is allowed to make a choice to enter one of the other arms, both of
which contain food rewards. After consuming one of the rewards, the animal is placed back
at the start location and allowed to make another choice. Choosing the alternate arm results
in more reward than returning to the place of the already-consumed reward. In lesion
studies investigating the contributions of the dorsal and ventral hippocampus, all groups
can perform this task, but when a 5-minute delay is instated between trials, necessitating a
longer memory storage about which arm had already been chosen, only the dorsal-lesioned
group had an impairment in performance (Hock and Bunsey, 1998; Bannerman et al., 1999,
2002). Additionally, Bannerman et al. found that cytotoxic lesions of the entire
hippocampus caused impairment of a non-matching to place task, and that dorsal lesions
mimicked this impairment, whereas ventral lesions only caused a slight, insignificant
impairment compared to controls (Bannerman et al., 1999). The non-matching to place task

takes place in the radial arm maze, consisting of eight equally spaced arms that half of
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which are baited with food, where animals are tasked to enter baited arms, avoid un-baited
arms, and remember which arms have already been entered to retrieve the food. The
performance of rats in these tasks require spatial working or reference memory. When
comparing the performance of animals with dorsal, ventral, or complete hippocampal
lesions, dorsal-lesioned animals had levels of spatial memory impairment on this task equal
to those of the complete hippocampal-lesioned group. In contrast, rats with similarly sized
ventral lesions often matched sham controls in performance (Pothuizen et al., 2004).

The dorsal hippocampus’s involvement in spatial learning has been demonstrated
through inhibition studies and cellular activity. Injections of the GABAA agonist muscimol
into the dorsal hippocampus have a similar effect to dorsal lesions, and decrease time spent
in the target quadrant of a water maze (Moser and Moser, 1998). The temporal specificity
of hippocampal inhibition by muscimol demonstrates that the dorsal hippocampus is
needed at the time of retrieval, not just for learning this task. Analyses of cell activity also
confirm high spatial selectivity in the dorsal hippocampus over the ventral hippocampus.
For one, differences in place cell activity can be observed between the dorsal and ventral
regions. While place cells are present in the CA1 of the ventral hippocampus as well as the
dorsal segment, cells in the ventral hippocampus have a smaller number of place fields and
spatial selectivity compared to those in the dorsal hippocampus (Jung et al., 1994). A study
using c-fos staining as a measure of neuronal activation found that counts of c-fos stained
neurons increased all over the hippocampus during a radial arm maze task, but that the
dorsal region had a significantly greater increase in activity (Vann et al., 2000). These
studies suggest that while the ventral region may still be responsive to spatial input, the

dorsal hippocampus has a much greater contribution in these tasks.
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1.2.3 Behavioral Regulation

Another area of hippocampal research that is relevant to fear and extinction
memory recall is behavioral inhibition and mediating emotional arousal. The hippocampus
is suggested to play a role in suppressing inappropriate responses due to evidence that
hippocampal damage or inhibition leads to excessive and perseverative responding in tasks
where behavior has been extinguished or where the task requires a switching of responses
(Gray and McNaughton, 2000; Bannerman et al., 2004). Gray and McNaughton noted that
studies using anxiolytics in the septo-hippocampal area produced similar behavioral
abnormalities, and proposed the function of a behavioral inhibition system that could
become engaged in situations of uncertainty or conflict and influence other brain regions
to resolve the conflict (Gray and McNaughton, 2000). In this view, the hippocampus acts
as a comparator to recognize when the current state of the environment is not matching
what would be expected from memory and may control behavior through projections to
other regions such as the hypothalamus and amygdala to elevate arousal, direct attention
to alter salience of cues, and suppress behavior. The lack of such a comparator system
could explain how lesions of the hippocampus lead to lack of inhibition of behavioral
responses when conditions change.

Such a deficit can be seen in mice lacking the GIuN1 NMDA receptor subunit of
hippocampal pyramidal cells. Mice were trained in a water maze in which two identical
beacons were visible above the water, only one of which signaled an escape platform. At
the start of the trials, mice were placed either equidistant from the beacons, close to the
correct beacon, or close to the incorrect beacon. Although GIuN1 KO mice learned to
distinguish between two identical beacons and made a similar percentage of correct choices
as controls when starting equidistant or close to the correct beacon, they fail to do so if the

incorrect beacon is closest to them (Bannerman et al., 2014). If the beacons were not
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visually identical, GIuN1 KO mice performed at similar levels to controls in all starting
locations. This suggests that although GIuN1 mice can learn spatial cues to differentiate
the locations of the beacons, as seen when both beacons are equidistant, mice with impaired
NMDAR plasticity in the hippocampus are unable to use this spatial memory to guide
behavior by inhibiting the tendency to approach any such beacon.

Gray and McNaughton proposed a connection between this behavioral inhibition
system and anxiety mechanisms, in that the hippocampal system may resolve uncertainty
conflicts by increasing the valence of negative associations. Classic anxiolytic drugs like
benzodiazepine show similar effects to hippocampal lesions, including reduced
hyponeophagia, increased social interaction, quicker latency to cross into a brightly lit
compartment, and more time in open arms of an elevated plus maze (Bannerman et al.,
2002, 2003). The hippocampus has also been implicated in mediating approach-avoidance
conflicts when animals weigh approaching a potentially positive stimulus or avoiding it to
prevent negative outcomes. Pharmacological inactivation of the ventral CA1 increases
avoidance of an ambiguous cue, whereas inactivation of ventral CA3 increases approach
behavior (Schumacher et al., 2018). Work in humans has shown that approach-avoidance
conflicts engage the hippocampus (fMRI) and that patients with selective lesions show
reduced avoidance behavior in the same task (Bach et al., 2014). Gray and McNaughton
suggested that generalized anxiety disorder might similarly involve hyperactivity or
hypersensitivity of such a regulator of negative associations and suggested that the effect
of classical anxiolytics on anxiety-related behavior could be due to their effects on the
hippocampus (Gray and McNaughton, 2000). Human imaging studies have also
demonstrated a link between lower hippocampal volume in patients with various forms of
emotional dysregulation, including depression, anxiety disorders and PTSD (Campbell et

al., 2004; Gilbertson et al., 2010; Irle et al., 2010).
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Behavioral inhibition and emotional regulation have largely been attributed to the
ventral hippocampus. The anatomical connections of the ventral hippocampus with the
hypothalamus and amygdala in particular could be pathways responsible for emotional
disruption observed in humans (Campbell et al., 2004; Gilbertson et al., 2010; Irle et al.,
2010; Kheirbek et al., 2014), as well as the autonomic effects due to non-specific
hippocampal lesions. Indeed, ventral lesions increase the severity of gastric erosion seen
in rodents after cold-restraint stress at similar levels to widespread hippocampal lesions,
whereas dorsal lesions do not (Henke, 1990). Lesions of the ventral subiculum, a major
output pathway for the ventral hippocampus, have also been shown to cause glucocorticoid
hypersecretion following restraint stress (Herman et al., 1998). Complete hippocampal
lesions have been shown to exacerbate restraint-stress induced gastric ulcer formation. On
the other hand electrical stimulation of the ventral hippocampus, which was shown to
increase evoked potentials in the lateral central amygdala, has an attenuating effect on ulcer
development (Henke, 1990). These findings suggest that the ventral hippocampus exerts
some control over autonomic systems, lack of a functional ventral hippocampus may
exacerbate stress responses, and activity of this region may decrease stress responses
through its projections to various hypothalamic structures.

Similarly, the ventral hippocampus has been related to modulation of anxiety-like
behavior. Ventral lesions, but not dorsal lesions, decrease behaviors related to anxiety in
ethological behavior tasks. Rodents have natural tendencies to stay in the dark, or travel up
against walls (thigmotaxis), ethological behaviors that limit exposure and visibility to
predators while foraging (Simon et al., 1993). Importantly, assays such as open field
exploration, light/dark shuttle boxes, and elevated plus mazes are sensitive to anxiogenic
or anxiolytic drugs known to be effective in humans, where anxiolytics increase time spent

in the center of an open field and other such measures (Gray and McNaughton, 2000). In
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the light/dark test, rats with ventral lesions were quicker than sham controls to pass from
the relatively safe black compartment into the bright, more anxiogenic, white compartment,
suggesting reduced stress or anxiety in these animals (Bannerman et al., 2003; McHugh et
al., 2004). Hyponeophagia tests, where an impulse to eat food in the middle of an arena is
tempered by the novel uncertainty of the arena and food, are also sensitive to ventral
lesions, resulting in the lesioned animals having lower latencies to approach and eat the
food (Bannerman et al., 2002, 2003; McHugh et al., 2004). Additionally, rats with ventral
or complete hippocampal lesions will spend more of their time in the open arms of an
elevated plus maze (EPM) compared to rats with dorsal lesions or sham-operated controls,
showing a reduced aversion to the exposed arms, another measure of anxiety-like behavior
(Bannerman et al., 2002; Kjelstrup et al., 2002). In a successive alley test, designed as an
alternate version of the EPM that has progressively more aversive platforms and does not
have a center compartment, sham-operated and dorsal-lesioned rats spent most of their time
in the first alley, but ventral-lesioned rats spent comparably less time in the first alley and
more time in the second alley (McHugh et al., 2004). Rats with ventral hippocampal lesions
also have a tendency to defecate less in novel stressful environments (Kjelstrup et al., 2002;
Bannerman et al., 2003). These ethological tests of anxiety-like behavior demonstrate that
impaired ventral hippocampal processing leads to less anxiety-like behavior, suggesting
that the ventral hippocampus plays a role in appropriately connecting anxiety-inducing
situations with decreased or inhibited behavior.

The activity of ventral hippocampal neurons also implicates this region in
processing stress- and anxiety-inducing stimuli. Using in vivo calcium imaging, cells in the
ventral CA1 were seen to fire specifically during an animal’s activity in the open arms of
an EPM (Jimenez et al., 2018). Ventral DG cells also can be stress responsive, firing

specifically during attack bouts in a social defeat paradigm or in the anxiogenic center of
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an open field (Anacker et al., 2018). Cells have been noted in the basolateral amygdala that
respond to either anxiogenic or rewarding stimuli, but these CA1 anxiety cells in the ventral
hippocampus project to the lateral hypothalamus, suggesting a pathway for the
hippocampus to influence stress and anxiety pathways that bypasses the amygdalar
mechanisms of assessing the emotional associations of a cue. A recent study by Biane et
al. used calcium imaging to track dorsal and ventral CA1 neurons across an odor learning
task to assess how neural encoding changes during the learning of an aversive cue-outcome
association (Biane et al., 2023). They found that odors elicited robust responses in dCA1
initially, whereas vVCA1 cells responded to the odor after the association was learned, and
both populations maintained stable representation after learning. Interestingly, robust
responses in CALl were observed when mice anticipated aversive outcomes under their
behavioral control, and not when the outcome was inescapable. The ability of hippocampal
cells to preferentially respond to such emotional stimuli suggests not only that the
hippocampal representation can activate downstream emotional processing, but that the
cells themselves may recognize, or convey information about, emotional valence in a way
to influence behavior. Overall, research on the hippocampal role in behavioral inhibition
highlights that this region is capable of processing environmental cues, associating these

with emotional responses and outcomes, and guiding behavior accordingly.

1.2.4 Contextual Fear Memory in the Hippocampus

Contextual fear conditioning and extinction provide a good model to study
hippocampal learning and memory, as learning to associate a context with both fear and
safety and mediating defensive responses appropriately involves both spatial memory and
behavioral regulation. Generation of a conjunctive representation of the context has been

attributed to the dorsal hippocampus given its widespread sensory input and spatial
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selectivity. Lesions restricted to the dorsal hippocampus impairs freezing to a conditioned
context to a similar degree as entire hippocampal lesions (Maren et al., 1997). Dorsal
hippocampal infusion of muscimol has also been shown to impair the context-selectivity
of extinction, resulting in similar low freezing in extinction and alternate contexts,
suggesting a deficit in contextual memory specifically (Corcoran and Maren, 2001). The
activity of dorsal hippocampal neurons reflects broad context encoding during fear recall.
In an experiment where groups of rats were either context fear conditioned with an
appropriate delay to learn the context-shock association or immediately shocked as
controls, fear recall induced Arc mRNA reactivation of dorsal hippocampal neurons in both
groups whereas BLA neurons were only reactivated in the fear conditioned group and not
the immediate shock group (Zelikowsky et al., 2014). This study suggests that the dorsal
hippocampus encodes contextual information used in fear conditioning, whereas the
amygdala encodes the fear association specifically. Additionally, optogenetic inhibition of
dorsal DG granule cells disrupts the encoding of contextual fear, but does not prevent
learning of cued fear association, further demonstrating the specific role in context learning
(Kheirbek et al., 2014). While the dorsal hippocampus is largely responsible for spatial
selectivity of context memory in the hippocampus, almost all of the studies identifying that
place cells remap during fear and extinction and identifying memory ensembles of fear and
extinction behavior have been done in the dorsal DG and CA1. These studies show that
spatial representations in the dorsal hippocampus are still sensitive to changing valence
and can influence fear behavior.

However, the ability to mediate fear behavior is mainly attributed to the ventral
hippocampus. The ventral hippocampus is connected to many limbic regions involved in
emotional regulation, including the amygdala and prefrontal cortex, crucial regions for

expressing and suppressing fear. Ventral hippocampal lesions affect anxiety and fear
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behavior generally. Ventral hippocampal lesions have been shown to impair contextual
fear conditioning (Bast et al., 2001; McDonald et al., 2018). However, ventral lesions also
cause a reduction in freezing responses to unsignalled, and unconditioned, footshocks, and
the lesions do not impair spatial processing in a water maze or T-maze (Richmond et al.,
1999; Bannerman et al., 2003). This suggests that ventral hippocampal lesions may be
influencing the degree of fear responses more than the learned fear association.
Optogenetically stimulating or inhibiting ventral DG granule cells during context fear
conditioning does not have any significant effect on fear retrieval, although the same
stimulation was anxiolytic in the EPM and open field tests (Kheirbek et al., 2014).
McDonald et al. have shown that ventral hippocampal lesions impair conditioned
inhibitory learning and discriminative conditioning to context when the paired and
unpaired contexts have a high degree of cue overlap (McDonald et al., 2018). Ventral
hippocampal lesions have also been shown to affect cued fear, when dorsal lesions do not
(Maren and Holt, 2004). These studies suggest that the ventral hippocampus may be
necessary in ambiguous conditioning situations.

The activity of projecting neurons in ventral CA1 and subiculum underlie the
hippocampus’s ability to directly mediate fear and extinction recall and behavior.
Projections to the amygdala are associated with fear recall. Ventral hippocampal
projections to the basal amygdala mediate context conditioned fear, whereas projections to
the central amygdala are required for context-dependent retrieval of cued fear memory (Xu
et al., 2016). Ventral hippocampal projections to the prefrontal cortex are implicated in
control of extinction and fear renewal, fitting with the known roles of the IL and PL. The
exact influence of these ventral hippocampal projections is less clear. Brain derived
neurotrophic factor (BDNF) has been shown to act in IL to reduce conditioned fear (Rosas-

Vidal et al., 2014). Rats that failed to extinguish conditioned fear show reduced BDNF in
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ventral hippocampal inputs to IL (Peters et al., 2010). BDNF infusion in the ventral
hippocampus additionally increases excitability in the IL, but not PL (Rosas-Vidal et al.,
2014). These results suggest that ventral hippocampal activity excites IL and facilitates
extinction. However, it has also been demonstrated that hippocampal activity results in
feedforward inhibition of the IL to impair extinction recall and promote fear relapse (Marek
et al., 2018). This idea fits with other work showing that exciting ventral hippocampal
projections to PL attenuates cued fear relapse (Vasquez et al., 2019). It is possible that
ventral hippocampal projections to the prefrontal cortex can finely mediate fear activation
and suppression through both excitatory and inhibitory influences on IL and PL.
Altogether, contextual fear and extinction memory utilize two different but
entwined processes, spatial learning and memory and behavioral regulation. The dorsal
hippocampus is highly context selective and supports the encoding and reactivation of
contextual memory, the reactivation of which may recruit the ventral hippocampal ability
to mediate behavior through projections to other brain regions. These two aspects of
hippocampal processing have often been investigated individually, assessing only spatial
navigation or only anxiety behavior. However, there is still much to learn about how the
hippocampus integrates this information to make quick decisions guided by memory. After
context fear extinction, two memories of fear and safety associations exist of the same
context. While fear and extinction memory representations have been shown to be distinct
in dorsal DG, little is known about how the ventral hippocampus may differentially process
this information to activate opposing behavioral responses and influence whether fear or

extinction is recalled.
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1.3 OVERVIEW OF DISSERTATION

The primary goal of my research is to better understand hippocampal mechanisms
of contextual fear and extinction learning. It began with the question of how the
hippocampus processes opposing memories of fear and extinction, and what might be
occurring downstream of dorsal DG ensembles to initiate different behavioral responses.
This led to a focus on the ventral hippocampus (VHP), particularly neurons projecting to
other brain regions involved in fear and extinction. | hypothesized that vHP projections,
specifically those to the IL and BLA mediate fear expression or suppression during fear
and extinction recall. Through these experiments | investigate VHP activity to further the
knowledge of how the hippocampus contributes to a larger circuit underlying this memory
and behavior.

In the first set of experiments (Chapter 2), | investigate whether the activity of vHP
projection neurons differs between context fear and extinction recall. 1 use CTb to
retrogradely label vHP projections to the BLA and IL and measure co-localization with the
immediate early gene c-Fos to assess activity within these projections. | demonstrate that
fear and extinction recall do result in different patterns of activity in vHP neurons. Fear
recall causes more c-Fos activation in projections to the BLA compared to projections to
the IL, and extinction recall shows the opposite pattern with more c-Fos activation in
projections to the IL compared to BLA. These results demonstrate that vHP activity is
sensitive to differences in fear and extinction context memory and suggests that differential
projection activation may be a mechanism for vHP to influence whether fear or extinction
memory is recalled through selective signaling to downstream regions.

In Chapter 3, | sought to test the necessity of VHP projections to IL and BLA in
context fear and extinction. | hypothesized that inhibiting vHP projections to BLA would

reduce freezing during fear recall but have little to no effect on fear extinction. On the other
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hand, I hypothesized that inhibiting vHP projections to the IL would not affect fear recall
but would possibly impair recall of extinction and result in higher freezing. | used
optogenetic and chemogenetic inhibition to selectively silence these projections during fear
recall and extinction recall but did not see any behavioral effects of our manipulations. In
Chapter 3 I discuss some of the limitations of these studies and possible interpretations.

In the final set of experiments (Chapter 4), | investigated whether stimulating SST
interneurons to increase inhibition within the vHP and IL influenced context fear and
extinction memory. | demonstrate that SST interneuron stimulation in the vHP impaired
fear recall and lowered freezing. Stimulating SST interneurons in the vHP during fear
extinction led to impaired fear learning and increased freezing compared to controls in a
stimulation-free test of recall. When stimulating SST interneurons in the IL, no changes in
behavior were seen during fear or extinction recall. However, increasing inhibition through
this manipulation did replicate findings that IL inhibition during auditory tone extinction
impairs extinction learning. These results show that the vHP is necessary for both fear
context recall and extinction learning, while IL does not appear to be necessary for context
fear or extinction recall but is needed for auditory cue extinction. Altogether, the
experiments in this dissertation demonstrate that activity in vHP projection neurons
changes between context fear and extinction recall, that vHP activity is necessary for both
fear recall and extinction learning, and highlights vHP projections as a future target to

further investigate the influence vHP activity has on these behaviors.
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Chapter 2: Ventral hippocampal projections to infralimbic cortex and
basolateral amygdala are differentially activated by contextual fear and
extinction recall:

2.1 INTRODUCTION

Fear extinction—repeated exposure to a feared stimulus in a safe environment—is
a model of exposure therapy, which is a common and effective treatment for maladaptive
fear in patients with PTSD or phobias (Vervliet et al., 2013). A limitation of extinction and
exposure therapy is that these procedures involve new learning about the absence of threat,
not unlearning of fear, and fear relapse is common (Bouton et al., 2006). How memories
of fear and extinction learning interact to modulate expression of emotion is thus a key
question with important clinical implications.

Recent studies have identified the hippocampus as a region in which fear and
extinction memories may compete for expression. The hippocampal dentate gyrus (DG)
contains so-called “fear engram cells,” which are neurons active during acquisition of
contextual fear that reactivate during recall of contextual fear (Denny et al., 2014).
Optogenetic stimulation of these fear engram cells induces the expression of fear, whereas
silencing inhibits fear behavior (Liu et al., 2012b; Ramirez et al., 2013). Recent work
demonstrates that extinction learning can suppress reactivation of DG fear engram cells
and activate a distinct ensemble of cells potentially representing an extinction memory
(Lacagnina et al., 2019). Whereas artificial stimulation of the fear memory ensemble
increases fear, stimulation of the extinction ensemble reduces fear (Lacagnina et al., 2019).

These findings are consistent with the interpretation that fear and extinction memories have

1 This work was previously published — Brockway ET, Simon S, Drew MR (2023). Ventral hippocampal
projections to infralimbic cortex and basolateral amygdala are differentially activated by contextual fear
and extinction recall. Neurobiology of Learning and Memory. 205:107832. doi:
10.1016/j.nIm.2023.107832.

43



distinct representations in the hippocampus, and that competition between these
representations determines whether fear is suppressed or recovers after extinction.
However, little is known about how these distinct ensembles of DG granule cells activate
different emotional and behavioral states.

It is believed that hippocampus modulates expression of fear and extinction via
projections from CA1 and subiculum in ventral hippocampus (vHP) to the basolateral
amygdala (BLA) and prefrontal cortex (PFC). vHP projections to the BLA are believed to
provide contextual control of fear in both contextual and auditory cued fear conditioning
(Davis, 1992; Herry et al., 2008; Orsini et al., 2011; Jin and Maren, 2015; Xu et al., 2016).
The BLA is an essential locus for associative synaptic plasticity during fear learning.
Silencing VHP projections to BLA attenuates expression of contextual fear, suggesting that
this pathway provides information about the contextual conditioned stimulus (CS) to the
amygdala. In contrast, the infralimbic (IL) PFC is implicated in fear extinction learning.
Inactivation of IL projections to the amygdala impairs both extinction learning and recall
(Milad and Quirk, 2002; Bukalo et al., 2015; Bloodgood et al., 2018). vHP projections to
IL appear to enable contextual control of extinction. For instance, in auditory fear
conditioning, VHP-IL projections are necessary for context-specificity of fear extinction.
VHP projection influence on IL activity is uncertain. Some studies have shown that vHP
excites IL and reduces fear, while others suggest that vHP projections potentiate fear
through feed forward inhibition of IL (Peters et al., 2010; Rosas-Vidal et al., 2014; Marek
et al., 2018). How extinction of context fear influences vHP activity in these pathways is
unclear.

While it is clear that vHP projections to IL and BLA can modulate expression of
fear and extinction memory, it remains unclear how extinction training affects their

activity. Evidence discussed above regarding competing fear and extinction engrams in DG
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raises the question whether extinction training orchestrates a corresponding shift in
ensemble activity among VHP projection populations. One possibility is that expression of
contextual fear and extinction is mediated by the levels of activity in vHP projections to
BLA and IL, with vHP-BLA projections favoring expression of contextual fear, and
activity of vHP-IL projections favoring suppression of fear after extinction. Alternatively,
relative activity in these projections could be invariant across fear and extinction, perhaps
because these forms of learning are mediated by changes in synaptic strength in the target
regions.

In this study we investigated whether these VHP projections are differentially
activated during recall of context fear and extinction memories. We used retrograde tracing
to label vHP neurons projecting to the IL and BLA and then assessed c-Fos as a marker of
activity within these populations of cells. We show that fear and extinction recall activate
VHP projections in opposing manners, with vHP-BLA projections more active during fear
expression and IL projections more active during expression of extinction. These results
suggest a circuit mechanism through which hippocampal memory representations signal

valence and orchestrate appropriate behavioral responses.

2.2 METHODS

2.2.1 Animals

Adult male and female C57BL6/J mice (n=55; Experiment 1: fear (4F, 6M),
extinction (5F, 5M), control (3F, 4M); Experiment 2: fear (5F, 5M), extinction (3F, 4M),
control (4F, 5M)) approximately 2 months of age were used for all experiments. Mice were
housed with littermates in groups of 3-4 in plastic cages with woodchip and paper crinkle

bedding and maintained on a 12hr light/dark cycle (7:00-19:00 light on) in a temperature-
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and humidity-controlled vivarium. Food and water were provided ad libitum. Experiments
were conducted during the light phase. Mice were randomly assigned to groups by cage
before the start of each experiment. As sex-by-genotype statistical interactions were not
present, male and female data were aggregated. All procedures were approved by the

University of Texas at Austin Institutional Animal Care and Use Committee.

2.2.2 Surgery

2% isoflurane (1.0 L/min) vaporized in pure oxygen was used to induce anesthesia,
followed by 1.5% isoflurane (0.75 L/min) to maintain stable anesthesia after mice were
placed in a stereotaxic frame. Cholera Toxin Subunit b (Alexa Fluor 555 and 647
conjugates, Invitrogen) was infused bilaterally (69nL/injection site) using a NanoJect Il
microinjector (Drummond) targeting the IL (M/L 0.3, A/P +1.8, D/V -2.9) and BLA (M/L
3.45, A/P +-1.65, D/V -4.9), counterbalanced among. Mice were injected subcutaneously
with carprofen (10mg/kg), buprenorphine (0.1mg/kg) and buprenorphine XR (3.25mg/kg)
in sterile saline (0.9%) to provide analgesia. Subjects were given ~7 days to recover and

allow for CTh expression.

2.2.3 Context fear conditioning and extinction

Mice were handled for 2 min per day for 4-5 days prior to behavioral testing. Mice
were transported from the vivarium to a holding room adjacent to the test room at least one
hour before experimentation. Mice were transported individually to and from the
conditioning room in an opaque container. The transport containers were cleaned with a
70% EtOH solution between uses.

Behavioral testing occurred in 30.5 x 24 x 21 cm conditioning chambers (Med

Associates), with two aluminum side walls, a Plexiglas door and ceiling, and a white vinyl
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back wall. Chambers were contained within a larger, sound-attenuating chamber. An
overhead white light illuminated the chamber continuously throughout the procedures. The
conditioning chamber contained a straight stainless-steel rod floor (36 rods, spaced 8mm
from center to center), was cleaned with a 70% EtOH solution between uses and was
scented with 1% acetic acid solution in the waste tray below the floor. Contextual fear
conditioning consisted of three 2-sec 0.75mA scrambled foot shocks delivered through the
rod floor 160, 240, and 310 seconds after mice were placed in the chamber. Mice were
removed 30s after the final foot shock and returned to their home cage.

All behavioral sessions were video recorded at 30 frames/s using a near-infrared
camera mounted to the interior door of the chamber. Freezing was defined as the absence
of movement, except for those related to breathing. Videos were automatically scored using
a linear pixel change algorithm (VideoFreeze; Med Associates). For the fear conditioning
session, the percent of time spent freezing was calculated for the 160-sec pre-shock
baseline and the 30 sec following each shock. For the extinction and retrieval tests, percent
freezing was averaged across the entire 5-min session.

Extinction sessions consisted of 5-min exposures to the original fear conditioning
context once per day for 9 days. Subjects in the fear retrieval group stayed in home cages
in a holding room during this time. Both extinction and fear retrieval groups were returned
to the conditioning chamber for a 5-min retrieval session on the final test day. The control
group of mice stayed in their home cage in the holding room during this time.

For context pre-exposure (as shown in Fig. 3) mice were placed in the conditioning
chamber for 5-minute exposure sessions once per day for 9 days, so that mice received the
same amount of context exposure as mice receiving extinction training. Mice in the pre-
exposure group were fear conditioned the day following the final pre-exposure and

received a retrieval test a day later.
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2.2.4 Immunohistochemistry

Ninety minutes after the retrieval test, mice were deeply anesthetized with
ketamine/xylazine (150/15 mg/kg) and transcardially perfused with 0.01M phosphate
buffered saline (1x PBS), followed by 4% paraformaldehyde (PFA) in 1x PBS. Brains were
extracted and post-fixed overnight at 4°C in 4% PFA and then transferred to a 30% sucrose
in 1x PBS at 4°C for two days. 35 um coronal sections were collected on a cryostat. For
immunohistochemistry, sections were washed in 1x PBS and blocked at room temperature
(RT) for 1.5 h in 5% normal donkey serum (NDS) in 1x PBS with 0.5% Triton-X (PBS-
T). Sections were incubated with primary antibodies (1:2,000 rabbit anti-c-Fos polyclonal
antibody, Synaptic Systems #226-003) diluted in 5% NDS in PBS-T overnight at room
temperature. Sections were rinsed in 1x PBS-T and incubated in secondary antibodies
(1:500 Alexa Fluor 488-conjugated AffiniPure Donkey Anti-rabbit 1gG, Jackson
ImmunoResearch Laboratories) in 1x PBS-T for 2 h at RT. Sections were washed in 1x
PBS, mounted onto slides, and stained with 1:1000 DAPI for 5 minutes before being

coverslipped with Fluoromount-G (SouthernBiotech).

2.2.5 Imaging and quantification

4-6 z-stacks per animal were taken of the ventral hippocampus on a Zeiss Axio
Imager.M2 microscope with Apotome.2 and Stereolnvestigator 64 software using an
ECPlan-Neofluor 20x objective. Images were taken within -2.9 to -3.8 mm bregma,
spanning a range of ventral CAl up to the distal CAl/subiculum border. Fluorescent
channels were separated in ImageJ to manually count CTb-labeled neurons, using the
multi-point tool to mark and save pixel coordinates as region of interest (ROI) sets to
compare between channels. A cell was considered positive for CTb labeling if a clear halo

of fluorescent labeling could be identified surrounding the soma location as defined by
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DAPI staining. A cell was considered positive for c-Fos labeling if the fluorescence level
in the soma was 2x background levels of fluorescence. Fluorescence was measured in
ImageJ as the mean fluorescent intensity within a selected region of interest drawn around
the soma, and the background was considered the mean fluorescent intensity of a region of
surrounding tissue of uniform intensity and no visibly labeled cells. Cell counts were

averaged for each subject and are displayed as means +SEM.

2.2.6 Statistical analysis

Data were analyzed using two-sided t-tests or ANOVA, using repeated measures
when appropriate. Significant ANOVAs were followed by post hoc Holm-Sidak’s test for
multiple comparisons. Data analysis was performed on Prism (GraphPad Software) or JMP
(SAS Institute). The a value was set at 0.05 for all analyses. All data are presented as mean

+SEM.

2.3 RESULTS

2.3.1 Fear and Extinction retrieval activate different ventral hippocampal
projections

To label hippocampal projection neurons, male and female C57BL/6J mice were
injected with the retrograde tracer Cholera Toxin subunit B (conjugated to Alexa Fluor 566
and 648), with injections targeted to IL and BLA, counterbalanced by fluorophore across
mice (Fig. 1A-B). A week later, mice were divided into three groups: fear, extinction, and
home cage control. Mice in all groups were context fear conditioned, with no differences
in freezing between groups (Fig. 1C; two-way RM ANOVA; no interaction effect, F,72) =
0.099, p = 0.996; effect of time, Fg72) = 40.510, p <0.001; no effect of group, F24) =

0.258, p = 0.775). Mice in the Extinction condition then received 9 days of extinction
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Figure 2.1: Labeling of ventral hippocampal projections in CFC and Extinction.

(A) Experimental design and timeline. (B) Representative images of CTb injections in IL
and BLA, with cell bodies labeled in vHP. (C) Freezing behavior during CFC, Extinction,
and Retrieval sessions. The left panel depicts freezing during the pre-shock period and
post-shock intervals of the conditioning session. The middle and right panels display mean
freezing during each 5-min extinction or retrieval session. During extinction, freezing
decreased across sessions. In the retrieval test, the fear group exhibited higher freezing than
the extinction group. (D) Representative images of c-Fos-labeled vHP neurons and overlap
with CTB as imaged for quantification.

training, followed by a test for recall of extinction on the final day. Mice in the Fear group
did not receive extinction and were tested for recall of fear on the final test day. Mice in
the home cage control group did not receive any further testing. Freezing to the

conditioning context decreased across days for the extinction group (One-way RM
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ANOVA, Fg72) =4.341, p < 0.001), and freezing was significantly higher during retrieval
testing for the fear group than the extinction group (tue) = 2.942, p = 0.008). Mice were
perfused 90 min after the final session (or taken from their home cage for the control), and
immunohistochemistry against c-Fos was used to assess activity within vHP neurons. We
predicted that mice in the Fear group would display more c-Fos activity in BLA-projecting
VHP neurons than in IL-projecting neurons, whereas Extinction mice would exhibit the

opposite pattern.

A 600 B 204 C

N

=}

[~}
1

cFos/mm?

[

=3

S
1

Activity Ratio
more BLA «———> more L

T
Fear Extinction Home Cage IL BLA L BLA L BLA Fear Extinction

Fear Extinction Home Cage

Figure 2.2: Fear and Extinction retrieval activate different ventral hippocampal
projections.

(A) Fear and Extinction retrieval groups exhibited similar overall c-Fos density in the
ventral hippocampus, and c-Fos density trended lower in the home cage control group. (B)
Percentage of IL-projecting and BLA-projecting CTb-labeled neurons that were positive
for c-Fos. (C) A projection activity ratio was calculated for each subject (each bar
represents one mouse). The ratio was calculated as the percentage of IL-CTb labeled cells
positive for c-Fos as a function of the percentage of all CTb labeled cells positive for c-
Fos.

The overall density of c-Fos-positive cells did not differ among the extinction, fear,
and home cage groups, although the home cage level was numerically lower and the

ANOVA bordered on significance (Fig. 2A; ANOVA, F(,24) = 3.248, p = 0.056). Activity
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within specific projection populations was measured as the percentage of CTb-positive
neurons that co-expressed c-Fos (Fig. 1D). A repeated-measures ANOVA revealed a
significant Projection X Behavior Group interaction (Fig. 2B; F24) = 12.33, p < 0.001).
Extinction mice displayed more c-Fos expression in IL-projecting neurons compared to
BLA-projecting neurons, whereas Fear mice had more c-Fos expression in BLA
projections compared to IL projections (Holm-Sidak’s test, Ext: p =0.004; Fear: p = 0.007).
We additionally computed a within-subjects measure comparing the relative levels of IL
and BLA projection activity, which was the percentage of IL-projecting cells that are
positive for c-Fos divided by the overall percentage of IL- and BLA-projecting cells that
were c-Fos positive (Fig. 2C). This metric confirmed that fear and extinction recall activate
these VHP projection pathways with different strengths: there was higher c-Fos expression
in BLA projections compared to IL projections during fear retrieval, whereas this balance
was shifted towards more c-Fos expression in IL-projecting neurons during extinction

retrieval (tg) = 3.815, p = 0.001).

2.3.2 Effect of context exposure on projection activity

Although our results are consistent with the idea that fear and extinction
differentially recruit hippocampal output pathways, there is the alternative possibility that
ventral hippocampal activity is shaped by the amount of context exposure rather than by
extinction per se. In the prior experiment, the extinction group received 9 more days of
exposure to the context than the fear recall group, raising the possibility that context
exposure, rather than extinction, shifted the balance of vHP projection activity. To control

for the amount of context exposure between groups, we conducted a second behavioral
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Figure 2.3: Fear conditioning and extinction in groups with equivalent context exposure

(A) Experimental design and timeline. (B) Freezing during context preexposure,
conditioning, extinction and recall. The fear recall group exhibited significantly higher
freezing than the extinction group during retrieval.

experiment in which the fear and extinction groups received the same total amount of
context exposure. As before, CTh was used to label vHP projections to IL and BLA. One
group of mice (pre-exposure group, Fig. 3) then received 9 sessions of pre-exposure to the
context prior to context fear conditioning, followed by a fear retrieval session. The
extinction group was treated as before: mice were context fear conditioned (without pre-
exposure), then given 9 days of extinction and an extinction retrieval test. Home cage
control mice were context fear conditioned and later taken straight from their home cage
for perfusion. In this design, mice in the fear and extinction recall groups had the same

amount of exposure to the conditioning context.

53



m
(¢

A 600

=}
1

N

S

=}
1

o
1
o
)
h

cFos/mm
2
o
o
% CTh expressing c-Fos
3 &
Activity Ratio
more BLA «—————> more L
o o o
R

o
o

= " N T T
Pre-Exp Extinction Home Cage L BLA IL  BLA L BLA Pre-Exposure Extinction

Pre-Exposure Extinction Home Cage

Figure 2.4: Fear and extinction recall activate different vHP projections even with
cumulative context exposure is equated.

(A) Overall c-Fos density in vHP. Density of Extinction and Fear groups exceeded that of
the Home Cage group. (B) Percentage of IL-projecting and BLA-projecting CTB+ neurons
expressing c-Fos. The extinction group showed higher c-Fos expression in IL projections
than BLA projections. In the fear retrieval and home cage groups, levels of cFos expression
did not differ by projection. (C) Projection activity ratio for each subject.

The pre-exposed group of mice exhibited low levels of freezing during pre-
exposure sessions. All mice showed evidence of fear acquisition during conditioning, with
freezing increasing across the 3 footshock presentations and no differences between groups
(Fig. 3b; two-way RM ANOVA; no interaction effect, Fe69) = 0.478, p = 0.823; effect of
time, F@e9) = 44.63, p <0.001; no effect of group, F23) = 1.350, p = 0.279). Freezing
decreased across trials during extinction for the extinction group of mice (One-way RM
ANOVA, F(8,48) = 8.613, p < 0.001). In the retrieval test, the fear group of mice froze
significantly more than the mice that received extinction training (tus) = 4.422, p < 0.001).
Mice were perfused 90 min after the retrieval session (or taken from their home cage for
the control) and immunohistochemistry against c-Fos was used to assess activity within
VHP neurons as before.
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The extinction and pre-exposure groups showed similar densities of c-Fos labeling
in the vHP; c-Fos density showed comparatively lower activity in the home cage control
group (Fig. 4a; F(2,23) =10.710, p < 0.001; Holm-Sidak’s, Ext vs Fear p = 0.358, Ext vs HC
p = 0.001, Fear vs HC p = 0.003). Like the previous experiment, the extinction group
displayed more c-Fos expression in IL-projecting neurons compared to BLA-projecting
neurons (Fig. 4b). In contrast, the pre-exposed group exhibited similar levels of c-Fos
expression in IL and BLA projections during fear retrieval. A two-way repeated measures
ANOVA revealed a significant Projection X Behavior Group interaction (F,23) = 4.699, p
= 0.019). A Holm-Sidak post hoc test confirmed that the extinction group had higher
activity in the IL-projecting than BLA-projecting neurons, whereas in the pre-exposure
group activity was not significantly different between the two populations (Ext: p = 0.014,
Pre-exp: p = 0.610). This pattern was also observed in the activity ratio (Fig. 4c), where
the extinction group ratios skew higher, closer to the IL end of the scale, whereas the ratios
for the pre-exposure group are centered on 0.5, indicating comparable percentages of c-
Fos activation within vHP-IL and vHP-BLA projections (Effect of Behavior Group: t(1s) =
2.576, p = 0.021). These results replicate our previous finding that extinction recall is
associated with proportionally more activation of vHP cells projecting to IL than in those
projecting to BLA. Differing from the prior experiment, the fear recall group that was pre-
exposed to the context had comparable amounts of c-Fos activation in both projection
populations.

Lastly, we looked for a relationship between freezing behavior and the relative
activation of vHP projections. Combining data from both experiments (excluding home
cage mice), we observed a significant inverse correlation between the projection activity

ratio (as described above) and freezing behavior (r?> = 0.141, p = 0.023). Low freezing was
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associated with a high ratio, reflecting more activity in IL-projecting neurons, whereas high

freezing was associated with relatively greater activity in BLA- projecting neurons.
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Figure 2.5: Projection activity ratio correlates with freezing.

Linear regression of activity ratio plotted against percent of time spent freezing during the
recall test for both experiments.

2.4 DISCUSSION

We investigated the role of vHP projections to BLA and IL in expression of fear
and fear extinction memories. Previous research has shown that the hippocampus generates
context fear and extinction memory representations that give rise to opposing behavioral
responses to a shared context. The current study addresses the circuit mechanisms through
which these hippocampal representations might influence behavior. Our results
demonstrate that recall of context fear and extinction differentially activate ventral
hippocampal projections to the amygdala and IL. Although both projections are active at
both retrieval tests, the relative levels of activity shift. Fear recall was associated with more
c-Fos expression in VHP cells projecting to the BLA than in cell projecting to IL, whereas
extinction recall was associated with more c-Fos activity in cells projecting to the IL than

those projecting to BLA. This differential activation may provide a mechanism for the
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hippocampus to influence downstream regions involved in fear processing by weighting
system level-activity more towards fear activation in the amygdala or extinction-related
processing in the IL.

Previous studies of hippocampal memory have shown that the hippocampus
encodes emotional valence in addition to contextual components of episodic memory.
Learning new valence associations in a stable environment, such as fear conditioning to a
previously neutral environment or extinction of context fear, causes remapping in place
cells as well as population-level changes in ensemble activity. Place fields of CA1 cells are
typically stable over time in the same environment; however, when the valence of an
environment changes because of fear conditioning or extinction, place fields remap,
perhaps forming new representations of the same context (Moita, 2004; Wang et al., 2012,
2015). Activity-dependent tagging studies support this idea. Extinction learning suppresses
reactivation of DG fear ensembles and activates a distinct population of neurons potentially
representing the extinction memory (Lacagnina et al., 2019). These studies show that
hippocampal coding of context memory is sensitive to changing valence within a stable
context.

The current study suggests a mechanism through which putative fear and extinction
representations in the hippocampus might influence behavior. The hippocampus may
activate context fear expression through preferential activation of projections to BLA,
which is consistent with other work investigating hippocampal-amygdala interactions. The
BLA is necessary for acquisition and expression of fear conditioning for both contextual
and tone conditioned stimuli (Davis, 1992; Fanselow and Ledoux, 1999). Hippocampal
projections to the amygdala are believed to convey context memory representations for
contextual fear conditioning and contextual regulation of cued fear (Herry et al., 2008;

Orsini et al., 2011; Jin and Maren, 2015; Xu et al., 2016). Disrupting activity in this
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projection, through optogenetic inhibition or stimulation, impairs encoding and retrieval of
contextual fear (Xu et al., 2016; Jimenez et al., 2018; Graham et al., 2021). As the current
study focused on activity within the vHP, we cannot determine whether the projections we
assessed target excitatory or inhibitory neurons or their overall influence on BLA
processing. However, our finding that context fear recall is associated with more c-Fos
expression in ventral hippocampal projections to the amygdala, rather than IL, is consistent
with the idea that preferential activation of the hippocampus-to-amygdala pathway initiates
recall of contextual fear responses.

On the other hand, extinction recall was associated with relatively more c-Fos
expression in neurons projecting to the IL, a region important for extinction learning and
recall (Quirk et al., 2000; Milad and Quirk, 2002; Laurent and Westbrook, 2009; Bukalo
et al., 2015; Do-Monte et al., 2015; Bloodgood et al., 2018). While the IL is well known
for its role in extinction, the function of VHP projections to this region is less clear. Activity
in VHP-IL projections can both increase and decrease fear expression, perhaps because the
projections can directly excite IL principal cells and elicit feed-forward inhibition through
interneurons (Gabbott et al., 2002; Hoover and Vertes, 2007; Liu and Carter, 2018). Marek
et al. recently demonstrated that activity of this projection evokes feed-forward inhibition
of IL principal neurons through parvalbumin-expressing interneurons. In addition, they
showed that pharmacogenetic activation of vHP-IL projections promotes cued-fear recall
whereas inhibition diminishes fear renewal (Marek et al., 2018), suggesting that activity in
this pathway increases fear expression. However, there is also evidence that strengthening
of VHP projections to IL supports extinction learning. NMDA receptor currents at vVHP-I1L
synapses are reduced after fear conditioning, and extinction was shown to reverse this
effect (Soler-Cedefio et al., 2019). Furthermore, brain derived neurotrophic factor (BDNF),

of which release in IL is both necessary and sufficient for extinction, is elevated in vHP
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following extinction. BDNF infused into the vHP enhances IL firing rates, and BDNF
levels in vHP inputs to IL are reduced in rats that fail to extinguish fear (Peters et al., 2010;
Rosas-Vidal et al., 2014). These findings suggest that vHP-provided BDNF is necessary
for extinction-induced plasticity in IL. Taken together, the vHP appears able to
bidirectionally modulate IL excitability and thus may exert fine control over extinction
memory recall. In our experiments we observed higher activity in IL-projecting neurons in
the extinction recall group, which fits with a model in which vHP-IL activity promotes
extinction, potentially by exciting IL principal neurons. However, IL projection activity
was not absent in our fear recall condition, and we did not assess the cellular targets in IL
of these projections.

Importantly, our studies demonstrate that the increase in vHP-IL projection activity
during extinction recall was not caused by mere context exposure. Our second experiment
included pre-exposure to the context prior to fear conditioning in the fear recall group to
control for potential effects of context exposure. Even when the amount of context
exposure was equivalent between the fear recall and extinction groups, the relative activity
of vHP-IL and vHP-BLA projections differed between groups. The extinction group
displayed more activation of vHP-IL-projections than vVHP-BLA projections, whereas in
the fear recall group the two projections were equally active. It is important to note that
because the total amount of context exposure was equated, the time between conditioning
and the retrieval test was shorter for the pre-exposure group. It is possible that fear
conditioning only a day prior to test could influence the balance of projection activity—for
instance, heightening VHP-BLA activity or dampening vHP-IL recruitment from pre-
exposure. That the pre-exposed fear recall group did not show increased vVHP-BLA
projection (in contrast with the non-pre-exposed group in the first experiment), suggests

that pre-exposure to the context prior to conditioning suppresses recruitment of vHP-BLA
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projections during later retrieval. An intriguing possibility is that vHP-BLA projections are
recruited most strongly when the training history endows a CS unambiguous valence,
whereas ambiguous cues (such as those that have been conditioned and then extinguished,
or pre-exposed and then conditioned) recruit more distributed circuit activity.

Alternately, outcomes in the pre-exposure group could reflect latent inhibition,
wherein prior exposure to the conditioned stimulus (CS) weakens its associability during
acquisition of the CS-shock association, leading to less learned fear (LeDoux, 2014; Miller
et al., 2022). Whether latent inhibition actually occurred is unclear. Context pre-exposure
had no effect on context acquisition and, during the recall test, mice in the pre-exposure
group froze at levels comparable to mice that did not receive pre-exposure. However, such
comparisons are to be interpreted with caution because they are made across experiments
and across groups with different acquisition-to-test intervals. Thus, we cannot rule out an
effect of latent inhibition in this experiment. Indeed, it is possible that the relatively equal
activity in BLA- and IL-projecting cells in the pre-exposed group reflect a weaker fear
association. It is further possible that context pre-exposure recruits mechanisms similar to
those recruited by extinction. Manipulations to ventral hippocampus, BLA, and IL all
influence latent inhibition and extinction, and both latent inhibition and extinction of tone-
shock associations are context dependent (Miller et al., 2022). A prominent theory of latent
inhibition is that competing context-US and context-noUS memories are retrieved during
testing, with the CS-noUS association dominating (Miller et al., 1986; Bouton, 1993). This
theory of latent inhibition resembles our view of extinction as establishing a memory that
competes with the original fear association. Perhaps under experimental conditions that
promote stronger latent inhibition, patterns of activity in vHP would more closely resemble

those exhibited during extinction.
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Thus far, we have interpreted the VHP projection activity as controlling expression
of fear and extinction. It is equally possible, however, that vHP activity is associated with
behavioral correlates of fear and extinction, rather than fear and extinction per se. An
example is exploratory behavior, which tends to correlate inversely with freezing. It is
possible that VHP-IL activity promotes exploration (or vice versa). If so, then similar
patterns of VHP-IL activity should be observed with other behavioral manipulations that
modulate exploration. For example, exposure to a novel context, which typically evokes
exploration, might increase activity in vHP-IL projections. Our data illustrate that
expression of fear and extinction are associated with shifting patterns of activity within
VHP-IL and vHP-BLA projections, but further experimentation will be required to
understand the causal significance of these shifts with respect to behavior and mental
processing.

This study focused on vHP projections to BLA and IL because of the abundant
evidence linking these two target regions to conditioned fear acquisition and expression.
However, it is likely that other hippocampal projections modulate these forms of learning
and behavior. For instance, VHP projections to the lateral septum are involved in
exploratory behavior and may help differentiate extinction and exploration (Trent and
Menard, 2010). Prelimbic cortex (PL) activity increases during freezing behavior to a
conditioned auditory tone, and PL neurons projecting to BLA have increased c-Fos activity
after fear renewal compared to extinction (Burgos-Robles et al., 2009; Orsini et al., 2011).
VHP projections have a direct role in this activity, as contralateral lesions to disrupt vHP-
PL connectivity eliminate fear renewal (Orsini et al., 2011). Additionally, the IL and PL
mutually inhibit each other, with vHP inputs preferentially driving the relevant
corticocortical neurons (Liu and Carter, 2018). Disparity in IL and PL firing correlates

with auditory fear expression, with high freezing animals having higher PL firing rates
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compared to IL rates (Giustino et al., 2016). This finding leads us to speculate that the
relative activity in hippocampal projections to PL and IL shifts between fear and extinction,
with extinction recall potentially activating a larger percentage of vHP-IL projections and
fear recall associated with more vHP-PL projection activity. Ventral hippocampal
projections can also both excite and inhibit IL and PL, allowing for further modulation of
the balance of activity in these regions. Hippocampal projections to the nucleus accumbens
(NAC) are also a potential target for future studies. The NAc is known for its role in reward
processing, latent inhibition, and activity in vHP-NAc projections is necessary for
conditioned place preference (LeGates et al., 2019; Miller et al., 2022). It is conceivable
that the reduction of fear during extinction is associated with increased activity in the vHP-
NAc pathways, coinciding with the re-emergence of appetitive behaviors such as foraging.

In conclusion, we have shown that pyramidal neurons in the ventral hippocampus
that project to the IL and BLA exhibit different patterns of c-Fos activation during fear or
extinction recall. Although these VHP projections are active during both fear recall and
extinction recall, extinction recall is associated with more c-Fos expression in VHP cells
projecting to IL compared to those projecting to BLA, whereas fear recall is associated
with more c-Fos expression in VHP-BLA projections. These results support the view that
hippocampal representations for a context evolve in conjunction with changes in the
context valence, and this evolution may provide a mechanism for orchestrating appropriate

behavioral responses through selective activation of projection pathways.
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Chapter 3: Inhibition of Ventral Hippocampal Projections

3.1 INTRODUCTION

The hippocampus generates contextual representations, a process that is integral to
context fear conditioning and contextual guidance of cued fear. Lesioning the hippocampus
shortly after auditory fear conditioning greatly reduces freezing to the fear context but not
to a learned tone (Kim and Fanselow, 1992; Maren et al., 1997). It is thought that the
hippocampus facilitates the rapid learning of a configural representation of the
environment, although it is not necessary for learned associations to discrete cues or recall
of more remote memories, and context fear learning can still occur in lesioned animals
through compensatory mechanisms following extensive training (Fanselow, 2010). In
addition to facilitating context fear memory, the hippocampus mediates the context-
specific expression of extinction. Rats that are auditory fear conditioned then extinguished
in a separate context will show low freezing to the CS in the extinction context, but high
freezing in the original conditioning context. Inactivation of the dorsal hippocampus with
infusion of the GABA receptor agonist muscimol disrupts this context-specific recall of
extinction, resulting in low freezing in both contexts (Corcoran and Maren, 2001).
Furthermore, ensembles of neurons in the hippocampal DG that are active during encoding
of fear or extinction are both necessary and sufficient for fear and extinction recall (Liu et
al., 2012a; Ramirez et al., 2013; Denny et al., 2014; Lacagnina et al., 2019). These studies
demonstrate that the hippocampus is responsible for contextual processing underlying fear
and extinction memory. However, how the hippocampus conveys contextual information
to influence fear behavior is less understood.

We hypothesize that ventral hippocampal (vHP) neurons convey information about

context memory and associated fear through selective signaling of projection neurons to

63



other fear and extinction related brain regions. In the previous chapter we demonstrated
that vVHP neurons projecting to the IL and BLA have different patterns of activity during
context fear and extinction recall. These results are a snapshot in time, identifying active
neurons during these two recall points. Although we now know that fear recall causes more
c-Fos activity in vHP neurons projecting to BLA than to IL, and extinction recall causes
more c-Fos activity in IL projecting neurons than BLA, this data cannot determine what
this activity may be doing to influence fear behavior. Selectively targeting vHP projections
to the IL and BLA and manipulating their activity during the recall tests is one way to
investigate if this activity is necessary for fear and extinction recall in the manner suggested
in our previous experiments.

The vHP projection to BLA has largely been studied for its influence on fear recall.
It is well accepted that the hippocampus contributes contextual information to the
amygdala during fear conditioning (Maren et al., 2013). Previous research has indeed
confirmed that the VHP projection to the basal amygdala (BA) specifically is necessary for
context fear recall. Xu et al. have previously targeted vHP->BA using a retrograde
RabiesAG-ArchT virus injected in the BA and optic fibers placed above the ventral CAl
(Xu et al., 2016). They report that inhibiting this projection during context fear retrieval
decreased freezing behavior. Jimenez et al. have shown optogenetic stimulation of this
pathway, injecting ChR2 into the vHP and the optic fiber above the terminals in the BA
(Jimenez et al., 2018). They find that stimulating at 10 Hz during either fear conditioning
or a recall test session impaired context fear recall, which they attribute to disrupted
signaling in this pathway. It has been shown that high frequency stimulation (20 Hz) of
VHP->BA induces feed-forward inhibition of the amygdala and impairs context fear,
whereas 4 Hz stimulation excited BA neurons, did not impact expression of context fear,

and increased fear generalization (Graham et al., 2021). These studies demonstrate that
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disrupting or inhibiting activity of vHP projections to the BA impairs fear recall, whereas
low frequency stimulation increases fear.

The role of the vHP projection to the IL is less well understood. In Chapter 2 we
identify that there is higher activity in vHP neurons projecting to IL than BLA during
extinction recall. This suggests that the vHP-IL pathway is engaged during fear extinction
recall. Work out of the Quirk lab supports this, showing that BDNF from hippocampal
terminals excites IL and promotes extinction (Peters et al., 2010; Rosas-Vidal et al., 2014).
It has also been shown that NMDA receptor currents at vHP->IL synapses are reduced
following auditory fear acquisition, and extinction reverses this effect, further suggesting
that plasticity along this pathway is associated with fear suppression and extinction (Soler-
Cedefio et al., 2019). However, Marek et al. have demonstrated that optogenetic stimulation
of VHP recruits strong feed-forward inhibition in the IL, and chemogenetic inhibition of
VHP->IL impaired context renewal of cued fear (Marek et al., 2018). They attribute this
effect to feed-forward inhibition in layer 2/3 by PV interneurons. Liu and Carter have
shown that hippocampal inputs target both layer 2/3 and layer 5 in the IL, but are most
effective at driving action potential firing of cortico-cortical neurons in layer 5 (Liu and
Carter, 2018). It is possible that the opposing behavioral effects on fear expression and
suppression seen in the above studies reflect differences in post-synaptic targets or
signaling patterns, and there is much to still learn about the role of this projection in fear
extinction. Additionally, all the work mentioned here used auditory cue conditioning.
Given that the vHP projections to the BLA display different activity patterns in context
conditioning and cued conditioning, the influence of vHP projections to IL in context fear
extinction should be further examined.

Here I will describe multiple experiments aimed at specifically inhibiting the vHP

projections to IL and BLA to test if they are necessary for context fear and extinction recall
65



in the manner suggested by our c-Fos activity experiment. The first experiment targets the
VHP->IL projection using an optogenetic approach. In Chapter 2 we saw more c-Fos
activation in VHP projections to the IL compared to BLA during extinction retrieval. Thus,
we hypothesized that inhibiting this pathway during fear extinction recall might inhibit
recall and increase fear. The second experiment targets the vHP->BLA projection using a
chemogenetic approach. In Chapter 2 we found that fear recall was associated with
relatively more c-Fos activity in VHP projections to BLA than IL, and based on the above
studies we expect that inhibiting this pathway would reduce freezing during fear recall.
However, the BLA has been shown to encode extinction memory as well as fear (Herry et
al., 2006, 2008; Pape and Pare, 2010), and how activity in this projection might affect
freezing behavior during extinction recall is unknown. Our c-Fos activity data showed
activation of vHP projections to BLA and IL during both fear and extinction recall,
although the relative amount of activity in the two populations changed. It’s possible that
inhibiting the non-dominant projections during recall could facilitate fear or extinction
recall by further shifting this balance of activity. We hypothesized that inhibiting BLA
projections during extinction recall or IL projections during fear recall would not have a
noticeable effect on behavior but wanted to directly test this. As such, we sought to
investigate the necessity of these projections during both fear recall and extinction recall

timepoints.

3.2 METHODS

3.2.1 Animals

Adult male and female C57BL6/J mice (Experiment 1: n=16 (8M, 8F), Experiment

2: n=15 (9M, 6F) mice approximately 2-4 months of age were used for all experiments.
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Mice were housed with littermates in groups of 3-4 in plastic cages with woodchip and
paper crinkle bedding and maintained on a 12hr light/dark cycle (7:00-19:00 light on) in a
temperature- and humidity-controlled vivarium. Food and water were provided ad libitum.
Experiments were conducted during the light phase. Mice were randomly assigned to
groups by cage before the start of each experiment. As sex by genotype statistical
interactions were not present, male and female data were aggregated. All procedures were
approved by the University of Texas at Austin Institutional Animal Care and Use

Committee.

3.2.2 Viruses

Adeno-Associated Viruses (AAVS) SE771:AAV(2-retro)-CAG-Cre,
SE761:AAV(1)-hSyn-tdTomato(Cre) and SE334:AAV(1)-hSyn-ArchT(Cre) were made at
UT Austin in the lab of Boris Zemelman. pAAV-hSyn-DIO-hM4D(Gi)-mCherry was
acquired from Addgene (Addgene viral prep #44362-AAV8, RRID:Addgene 44362,
https://www.addgene.org/44362/).

3.2.3 Surgery

2% isoflurane (1.0 L/min) vaporized in pure oxygen was used to induce anesthesia,
followed by 1.5% isoflurane (0.75 L/min) to maintain stable anesthesia after mice were
placed in a stereotaxic frame. For optogenetic inhibition, SE771:AAV(2-retro)-CAG-Cre
was infused bilaterally using a NanoJect Il microinjector (Drummond) into the IL
(25nl/injection, M/L +/- 0.3, A/P +1.8, D/V -2.9) and SE761:AAV/(1)-hSyn-tdTomato(Cre)
or a mixture of SE761:AAV(1)-hSyn-tdTomato(Cre) and SE334:AAV(1)-hSyn-
ArchT(Cre) in a 1:5 ratio targeting the vHP (50nl/injection, M/L +/-3.5, A/P -3.2, D/V -3.4
and -3.8). DREADDs manipulation in Experiment 2 used SE771:AAV(2-retro)-CAG-Cre
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injected into the BLA (), and either SE761:AAV(1)-hSyn-tdTomato(Cre) or pAAV-hSyn-
DI10-hM4D(Gi)-mCherry injected into vHP (50nl/injection, M/L +/-3.5, A/P -3.2, D/V -
3.4 and -3.8). Optogenetic fibers (0.22 NA, 200um core, constructed in lab (Sparta et al.,
2012)) were implanted bilaterally 200pum above the injection sites, using the same
coordinates for vHP (3.5mm fiber, D/V -3.5). The fibers were secured in place with a layer
of dental acrylic. Mice were injected subcutaneously with carprofen (10mg/kg), and
buprenorphine XR (3.25mg/kg) in sterile saline (0.9%) to provide analgesia. Subjects were

given ~21 days to recover and allow for viral expression.

3.2.4 Optogenetics

Cranial implants were bilaterally connected via fiber optic patch cables to a light
source interfaced with a FC/PC rotary joint (Doric Lenses). ArchT stimulation was
delivered with a continuously delivered 532 nm laser (Shanghai Dream) with an intensity

of 11 mW at the end of the fiber optic implant.

3.2.5 Context fear conditioning

Prior to testing mice were handled to habituate to the experimenter. For both
experiments, mice were gently handled for 2 min per day for the first two days. For
optogenetics, the third day mice were put in a gentle restraint and fibers were cleaned. On
days 4-6 mice were gently restrained, attached to dummy patch cables, and allowed to
explore a clean cage with familiar bedding to build familiarity to being tethered to
optogenetic patch cables. For chemogenetics, mice were handled on day 3 and 4 and
restrained by the scruff to habituate to the process of being handled for i.p. injections.

Behavioral testing occurred in 30.5 x 24 x 21 cm conditioning chambers (Med

Associates), with two aluminum side walls, a Plexiglas door and ceiling, and a white vinyl
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back wall. Chambers were contained within a larger, sound-attenuating chamber. An
overhead white light illuminated the chamber continuously throughout the procedures. The
conditioning chamber contained a straight stainless-steel rod floor (36 rods, spaced 8mm
from center to center), was cleaned with a 70% EtOH solution between uses and was
scented with 1% acetic acid solution in the waste tray below the floor. Mice in the
optogenetic experiment were attached to patch cables in all sessions, regardless of if light
was being presented on that test day. Contextual fear conditioning consisted of three 2-sec
0.75mA scrambled foot shocks delivered through the rod floor 160, 240, and 310 seconds
after mice were placed in the chamber. Mice were removed 30s after the final foot shock
and returned to their home cage.

All behavioral sessions were video recorded at 30 frames/s using a near-infrared
camera mounted to the interior door of the chamber. Freezing was defined as the absence
of movement, except for those related to breathing. Videos were hand scored by the

experimenter using Stopwatch+.
3.2.6 Retrieval and Extinction tests

On the day following context fear conditioning, mice were placed back into the
conditioning context to test for fear retrieval. For optogenetic inhibition, light was
delivered across a 9-minute session in 3-minute increments, from minutes 1-3 and 6-9. For
this test these are referred to as ‘light on’ or ‘light off” bins. For chemogenetic inhibition,
mice were given i.p. injections of CNO 30 minutes prior to being placed in the context for
a 5-minute test.

For 9 subsequent days, mice were placed back into the conditioning context without
any inhibitory manipulation to extinguish fear responses. These were 9-minute sessions for

the optogenetic experiment and 5-minute sessions for the chemogenetic experiment.
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On the 11th day, mice again were placed in the conditioning context with inhibition
to test retrieval of extinction. For optogenetics, this followed the same 9-minute light on —
off — on pattern as before. For the chemogenetic experiment, mice were again injected with

CNO 30 minutes prior to a 5-minute test.

3.2.7 Spontaneous Recovery

28 days after the last extinction retrieval test, mice were given an i.p injection of
CNO 30 minutes before being placed in the conditioning context for 5 minutes to test for

spontaneous recovery of fear.
3.2.8 Statistical Analysis

Data were analyzed using two-sided t-tests or ANOVA, using repeated measures
when appropriate. ANOVAs were followed by post hoc Holm-Sidak’s test for multiple
comparisons. Data analysis was performed on Prism (GraphPad Software) or JMP (SAS

Institute). The o value was set at 0.05 for all analyses. All data are presented as mean

+SEM.

3.3 RESULTS:

3.3.1 Optogenetic Inhibition of Ventral Hippocampal Projections to Infralimbic
Cortex Did Not Affect Fear or Extinction Recall

The results in Chapter 2 show that extinction recall is associated with more c-Fos
activity in vHP neurons projecting to IL than BLA. In this experiment we aimed to test the
necessity of this activity for extinction behavior. Specifically, we tested whether inhibiting
the vHP projection to the IL after extinction would disrupt extinction recall and potentially
produce higher freezing. We used an intersectional viral approach (Fig. 1), injecting a
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retrograde AAV encoding Cre-recombinase in the IL and an AAV encoding Cre-dependent
ArchT and/or tdTomato in the vHP, allowing for selective recombination and expression
in neurons projecting from vHP to IL. Optic fibers were implanted bilaterally above the
VHP to inhibit cell bodies. Mice were given three weeks to recover from surgery, then one

week of handling to habituate to being tethered to optogenetic patch cables.

SE771:AAV(2-retro)-CAG-Cre in IL
SE761:AAV(1)-hSyn-tdTomato(Cre) and/or
SE334:AAV(1)-hSyn-ArchT(Cre) in vHP

Figure 3.1: Optogenetic inhibition of VHP projections to IL.

(A) Viral strategy. (B) Retrograde-Cre injection location in the IL. (C) Optic fiber
placement and viral expression in the vHP.
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Mice were first context fear conditioned with no inhibitory manipulation (Fig. 2A).
On the second day mice were placed in the context for fear retrieval over 9 minutes, which
consisted of 3 segments lasting 3 minutes each. Upon entry to the chamber a 532nm yellow
laser was delivered for 3 minutes, no light was presented for minutes 4-6, and then the light
was again delivered in minutes 7-9. Light was presented at the very start of the session in
order to block initial memory recall, as some previous evidence indicates that once normal
recall occurs in light-off time bins, inhibition has less effect on behavior (Lacagnina et al.,
2019). We hypothesized that IL inhibition would impair fear extinction and did not expect
any group differences during this fear recall test. Indeed, we did not see any group
differences in total time freezing or across light-on and -off time bins (Fig. 2C; RM
ANOVA, no interaction, F(2,28) = 0.237, p = 0.790).

From day 3-10 mice were exposed to the fear context for 9 minutes each day
without any optogenetic inhibition. Freezing behavior did decrease across extinction days,
with no differences between groups (Fig. 2B; RM ANOVA, Day effect, F(9,126) = 12.79,
p <0.001; no Group effect, F(1,14) = 0.107, p = 0.748), although it is worth noting that
freezing levels were low (around 20%) to begin with. Mice were tested for extinction recall
on the 11 day with optogenetic inhibition as before. No differences were seen between
ArchT and control groups in the percent of time spent freezing or across light-on and -off
bins (Fig. 2C; RM ANOVA, no interaction, F(2,28) = 0.508, p = 0.607).

We did not observe any deficit in extinction recall, as we had hypothesized. This
could be due to many factors. Both groups increased freezing on the extinction retrieval
compared to the day before (Sidak’s multiple comparisons, main row effect, Day10 vs.
Day11, p = 0.005), which may suggest that something about the process of light delivery

renewed some level of fear.
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Figure 3.2: Optogenetic inhibition of VHP projections to IL did not impair extinction
recall.

(A) Behavioral timeline. (B) Freezing decreased across extinction, with no differences
between groups. (C) Fear recall did not show an effect of inhibition. (D) Extinction recall
did not show an effect of inhibition.

Another reason we did not see behavioral differences could be that our inhibition
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was not effective enough. The vHP sends a substantial projection to the IL, but we are still
targeting and manipulating a subset of neurons. The vHP is a large structure, and the
placement of the optic fiber may result in only a portion of those neurons close to the fiber
tip receiving light-induced inhibition. Figure 1C shows an example of two coronal brain

sections taken 200um apart. Tracks of the optic fiber were clearly present in the first



section, but very few tdtomato labeled neurons. In the next section there is an abundance
of labeled neurons containing ArchT, but depending on how far the light travels through

brain tissue, it is possible that not all neurons received full optogenetic inhibition.

3.3.2 Chemogenetic Inhibition of Ventral Hippocampal Projections to Basolateral
Amygdala Did Not Affect Fear or Extinction Recall

For the next experiment we used chemogenetic inhibition to examine the role of
the vHP projection to the BLA. Based on our findings in Chapter 2 that fear recall was
associated with more c-Fos activation of BLA than IL projecting neurons, we hypothesized
that inhibiting this projection should impair fear recall. We again employed an
intersectional virus strategy to specifically target vHP neurons projecting to the BLA,
injecting the retrograde AAV encoding Cre-recombinase into the BLA, and an AAV
encoding a Cre-dependent inhibitory chemogenic receptor hM4D(Gi) into the vHP or Cre-
dependent fluorophore as a control (Fig. 3). We utilized chemogenetics in an attempt to
manipulate a larger group of vHP neurons, since the previous experiment raised some
concerns about optic fiber placement not allowing light to travel through the entire vHP.
hMA4D(Gi) receptors are exclusively activated by clozapine N-oxide (CNO), which can be
delivered through intraperitoneal (i.p.) injection prior to experiments to activate the
receptors and induce inhibition. As this method utilizes i.p. injections, rather than
intracranial delivery, CNO should reach and inhibit all neurons expressing hM4D(Gi), so
our concerns about optogenetic inhibition not fully reaching all ArchT expressing neurons

do not apply.
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SE771:AAV(2-retro)-CAG-Cre in BLA
pAAV-hSyn-DIO-hM4D(Gi)-mCherry or
SE761:AAV(1)-hSyn-tdTomato(Cre) in vHP

Figure 3.3: Chemogenetic inhibition of vHP projections to BLA.

(A) Viral strategy. (B) Retrograde-Cre injection location in the IL. (C) Viral expression in
the vVHP. hM4D(Gi) expression is represented in red, whereas green labeled neurons reflect
IHC for HA to show expression of retrogradely transported Cre.

Mice were context fear conditioned on the first day with no additional manipulation
(Fig. 4A). On day 2, mice were given an i.p. injection of CNO 30 minutes prior to being
returned to the fear context for a 5-min retrieval test. No difference was seen between the
hM4D(Gi) and control groups in the percent of time mice spent freezing to the context
(Fig. 4C; t test, t(13) = 0.412, p = 0.687). Next mice were put through context extinction

from days 3-10, consisting of 5-min presentations to the context each day. Mice showed a
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decrease in freezing across days (Fig. 4B; RM ANOVA, Day effect, F(10, 130) =9.993, p
<0.001; no Group effect, F(1,13) = 0.897, p = 0.361). We tested extinction recall with
chemogenetic inhibition on the 11" day and observed no difference between groups (Fig.
4D; t test, t(13) = 0.799, p = 0.438). Additionally, we tested for spontaneous recovery 28
days later with CNO inhibition, and also did not see any effect between groups on freezing
(Fig. 4E; t test, t(13) = 0.172, p = 0.866). However, mice did not increase freezing on this
test compared to the final day of extinction, showing no spontaneous recovery of fear
(Sidak’s multiple comparisons, main row effect, Day10 vs. SponRec, p =0.999).

Overall, we saw no effects of hM4D(Gi) inhibition in this experiment. We
hypothesized that inhibiting the vHP projection to BLA would decrease freezing during
fear recall, which did not occur. Given that this effect has been demonstrated before under
different conditions, the lack of any change in freezing calls into question the efficacy of

our manipulations.
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Figure 3.4: Chemogenetic inhibition of vHP projections to BLA did not impair fear
recall.

(A) Behavioral design. (B) Freezing decreased over extinction. (C) No difference was seen
between hM4D(Gi) groups in fear recall. (D) No difference was seen between hM4D(Gi)
groups in extinction recall. (E) No effect of spontaneous recovery of fear was observed,
and there was no difference between groups.

3.4 DISCUSSION

In these experiments we used cre-dependent optogenetic and chemogenetic

strategies to selectively inhibit vHP projections to IL and BLA during fear and extinction
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retrieval to directly investigate their causal role in recall. In Chapter 2 we demonstrated
that c-fos activity within vHP changes between fear and extinction recall, where fear
activates more BLA projections than IL projections, and extinction causes the opposite and
actives more IL projections than BLA projections. This pattern fits with the known roles
of the BLA in fear learning and expression and the IL’s involvement in extinction.
However, this activity is correlational and direct manipulation of these specific projections
during behavior is needed to better understand the causal impacts of this activity.
Although we were able to selectively target specific projections from vHP to BLA,
we saw no behavioral differences between hM4D(Gi) and control groups. Inhibition of the
VHP to BLA pathway has been shown in multiple prior experiments to impair fear recall
(Xu et al., 2016; Jimenez et al., 2018). Because this effect has been previously
demonstrated, we expected the BLA inhibition to be able to replicate prior findings and see
a decrease in behavior. The lack of an effect in this experiment could have been due to
methodological factors. Histological analysis of these animals revealed a sparce amount of
neurons expressed hM4D(Gi) (Fig. 3C). Immunohistology to identify neurons expressing
an HA-tag, a marker for the retrograde Cre virus, showed that the fluorophore for
hM4D(Gi) was contained in almost all neurons expressing HA, the exception being a few
of the most ventral neurons. As overlap of the HA tag and mCherry expressing neurons
was nearly ubiquitous, we took this to mean that the injection of the hM4D(Gi) virus was
enough to spread through the vHP, although we did not quantify this effect. Regardless of
the recombination of the two viruses, it is possible that the sparce labeling of neurons in
the vHP reflects that we were only able to inhibit a portion of BLA projecting neurons.
Fear behavior was higher in this experiment than in the ArchT experiment, so a decrease
in fear behavior due to inhibition should not have been masked by a floor effect of behavior.

As inhibition of the vHP projection to BLA has been shown to impair fear recall (Xu et al.,
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2016; Jimenez et al., 2018), the lack of results in this study suggest that methodologically
it did not fully inhibit this projection.

The vHP projection to the IL has a more disputed role in extinction recall. Previous
research has demonstrated that VHP projections can have both an excitatory and feed-
forward inhibitory influence on the IL (Peters et al., 2010; Marek et al., 2018). We cannot
tell from this experiment what influence our ArchT inhibition had in the IL, if any. Our
histology showed that although there was substantial labeling of vHP neurons with
tdTomato, the optic fiber placement in some animals was not directly over the bulk of the
labeled neurons. This could mean that not all viral infected cells were inhibited by opsin
activation of ArchT receptors. Additionally, inhibiting extinction recall, effectively
removing suppression of fear, might have had a relatively small effect on freezing behavior.
Mice in this experiment had low freezing to begin with and both groups showed an increase
of fear on the extinction retrieval test, suggesting some level of renewal of fear. Our setup
included a cover over the patch cable connection, so visible light was minimal, but it cannot
be ruled out that light, heat, or experimenter cues may have overall influenced behavior on
this day. As freezing levels were only around 20% even on the fear retrieval day, it is
possible that any small influence to increase fear behavior would be masked by the overall
increase in freezing or reach a ceiling effect. Impaired extinction recall would not be likely
to drive freezing any higher than their behavior on the day of fear recall, just remove the
suppression of that fear.

It could also be the case that our inhibition of vHP to IL did work, and that inhibiting
this pathway has no effect on freezing behavior in our paradigm. This would suggest that
the VHP input to IL is not necessary for context extinction recall. Work assessing this
pathway has primarily looked at contextual gating of cued fear, such as Marek et al.’s study

showing that inhibition of this pathway diminished cued fear renewal. Extinction of cued
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fear is highly context-specific, and contextual information is influential as to whether fear
should be suppressed or renewed in a given situation. It is possible that after context
extinction, ventral hippocampal contributions to the IL are not needed to disambiguate the
association between the context and fear. Memory for extinction has been localized to
particular sets of neurons in the amygdala (Herry et al., 2008), so it could be that context
extinction memory can be recalled without activity in the vHP projection to the IL, but
instead through other pathways. But how does this result fit with our data in Chapter 2?
We found that during extinction recall there is more c-Fos activity in VHP projections to
IL than BLA. Our results in this chapter, if reliable, would suggest that although the vHP
is conveying contextual information to the IL during extinction retrieval, this activity may
not be necessary to recall the extinction memory and suppress fear. Future work should
continue to investigate the role of vHP projections. Direct manipulation of these pathways
will lead to a better understanding of the role vHP activity has in influencing fear and

extinction recall and activity in the IL and BLA.
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Chapter 4: Stimulation of SST interneurons in VHP impairs fear recall
and extinction learning

4.1 INTRODUCTION:

The hippocampus is required for contextual fear learning and maintains distinct
representations of fear and extinction memory (Fanselow, 2000; Lacagnina et al., 2019).
Projections from the ventral hippocampus (VHP) to the amygdala and prefrontal cortex are
thought to be responsible for conveying contextual dependency of cued fear and extinction
memory, and our previous work suggests a role for vHP projections in mediating
contextual fear and extinction recall. Yet there is still much to understand about how the
VHP might influence contextual fear extinction. In this study we sought to assess the
necessity of the vHP and prefrontal cortex (PFC) during context fear retrieval and
extinction learning and retrieval.

Much of what we know about VHP involvement in contextual fear learning derives
from lesion studies. These studies demonstrate a role for vHP in behavioral inhibition and
modulation of anxiety, rather than context learning per se. vHP lesions do not impair
contextual fear conditioning or spatial navigation in a water maze, but do have anxiolytic
effects in tests of anxiety like the elevated plus maze, hyponeophagia, and light/dark box
(Kjelstrup et al., 2002; Bannerman et al., 2003; McHugh et al., 2004; McDonald et al.,
2006). Lesions to vHP also cause deficits to inhibiting behavior when contextually
relevant. When rats are trained to discriminate two arms of a Y maze, one of which is
reinforced, they will learn to reverse this association better in a different context, an effect
that is thought to be due to a context-specific inhibitory association to the non-reinforced
arm. vVHP lesioned rats learn the discrimination task similarly to controls, but show
enhanced reversal learning in the original context, displaying less inhibition to approach

the non-reinforced arm (McDonald et al., 2001, 2006). Additionally, hippocampal
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knockout of NMDA receptors causes mice to fail to inhibit their approach to incorrect
beacons in a water maze, but only when the starting location is closer to the inappropriate
beacon, an effect attributed to the vHP (Bannerman et al., 2014). These studies show a role
for vHP in modulating innate effects of anxiety and behavioral inhibition.

VHP lesions do influence contextual fear, as VHP lesioned rats show less shock-
reactivity to un-signaled shocks and reduced fear expression during retrieval tasks (Bast et
al., 2001; Maren and Holt, 2004; McDonald et al., 2018). Silencing vHP adult born neurons
also impairs acquisition and recall of contextual fear memory (Huckleberry et al., 2018).
However, less work has been done to understand the ventral hippocampal role in the
extinction of context fear. Extinction, the gradual suppression of a conditioned response in
the absence of an unconditioned stimulus, could be considered as a form of behavioral
inhibition. As such, the vHP may play a role in suppressing fear after learning though
extinction that the context no longer predicts shock delivery. The vHP may not just be an
output region for contextual memory involved in contextual learning, but potentially
positioned in a way to influence extinction learning through inhibiting inappropriate
behavior and regulating emotional responses.

The PFC is another region implicated in fear expression and extinction. Inactivation
of the prelimbic (PL) region impairs fear expression, whereas inactivation of the
infralimbic (IL) region impairs extinction acquisition and memory (Sierra-Mercado et al.,
2011; Sotres-Bayon et al., 2012). Projections from the IL to the basolateral amygdala
facilitate extinction of cued fear conditioning (Bukalo et al., 2015). The vHP sends
projections to both PL and IL (Hoover and Vertes, 2007). The projections from the vHP to
the prefrontal cortex have also been implicated in extinction processing, although the
influence of activity along this pathway is disputed. As discussed in Chapter 3, vHP

projections to IL can be both excitatory and net inhibitory through feed forward inhibition
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(Peters et al., 2010; Rosas-Vidal et al., 2014, 2018; Marek et al., 2018). The opposing roles
of the PL and IL, and potentially bidirectional influences of VHP projections in this region,
suggest the PFC plays an executive role in modifying behavior in ambiguous or uncertain
conditions and likely uses contextual input from the hippocampus to do so. However, there
is a lack of studies that have investigated the influence of the prefrontal cortex on
contextual fear conditioning and extinction rather than cued associations guided by context.

Here we use a dual virus intersectional approach to optogenetically stimulate
somatostatin (SST) positive interneurons. These GABAergic interneurons are suggested to
influence the strength and specificity of learning through modulation of pyramidal neuron
firing. While primarily an inhibitory force on pyramidal neurons, these interneurons
regulate oscillation patterns through specific timed activity. Stimulating SST interneurons
should increase inhibition of the surrounding pyramidal neurons or cause dysregulation of
normal functioning oscillatory activity. SST interneurons in the PFC have also been
demonstrated to exhibit properties of memory storage, such as learning dependent
potentiation of synaptic transmission and cue-specific activation during memory retrieval
(Cummings and Clem, 2020). SST interneurons have wide connections to pyramidal
neurons in the vHP, which additionally provides a way to influence a large portion of the
hippocampus through a smaller targeted viral injection. Optogenetic stimulation of SST
interneurons therefore presents an appealing method to inhibit excitatory neural ensembles
and assess a circuit mechanism poised to modulate hippocampal and prefrontal memory
processing.

In these experiments we context fear conditioned animals, then used optogenetic
stimulation of SST interneurons during retrieval and extinction sessions to assess the role
of the ventral hippocampus and prefrontal cortex during context fear recall and extinction.

We hypothesized that SST activation would lead to regional inhibition, and thus potentially
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disrupt memory retrieval. We show that SST stimulation in the ventral hippocampus during
fear retrieval reduced freezing to the conditioning context and impaired extinction learning.
SST stimulation in the PFC did not show any effects on context fear or extinction retrieval,
however, we were able to demonstrate an inhibition of extinction learning in a cued fear
conditioning paradigm. These results show a unique role for the ventral hippocampus in
contextual fear recall and extinction learning and highlight potential differences in cued

and contextual learning in fear circuitry.

4.2 METHODS

4.2.1 Animals

Adult male and female C57BL6/J mice (Experiment 1: n=16 (8M, 8F); Experiment
2: n=20 (10M, 10F); Experiment 3: n=20 (10M, 10F)) mice approximately 2-4 months of
age were used for all experiments. Mice were housed with littermates in groups of 3-4 in
plastic cages with woodchip and paper crinkle bedding and maintained on a 12hr light/dark
cycle (7:00-19:00 light on) in a temperature- and humidity-controlled vivarium. Food and
water were provided ad libitum. Experiments were conducted during the light phase. Mice
were randomly assigned to groups by cage before the start of each experiment. As sex by
genotype statistical interactions were not present, male and female data were aggregated.
All procedures were approved by the University of Texas at Austin Institutional Animal

Care and Use Committee.

84



4.2.2 Viruses

Adeno-Associated Viruses (AAVsS) SE928:AAV(7)-SST-Cre, BZ118:AAV(7)-
h56D-(EGFP)C" and MM104:AAV(1)-h56D-(ChR2-EGFP) " were made at UT Austin in

the lab of Boris Zemelman.

4.2.3 Surgery

2% isoflurane (1.0 L/min) vaporized in pure oxygen was used to induce anesthesia,
followed by 1.5% isoflurane (0.75 L/min) to maintain stable anesthesia after mice were
placed in a stereotaxic frame. A mixture of SE928:AAV(7)-SST-Cre and either
BZ118:AAV(7)-h56D-(EGFP)C™ or MM104:AAV(1)-h56D-(ChR2-EGFP)C™ was infused
bilaterally using a NanoJect Il microinjector (Drummond) targeting the vHP
(50nl/injection, M/L +/-3.5, A/IP -3.2, D/V -3.4 and -3.8) or PFC (75nl/injection, M/L +/-
0.3, A/P +1.8, D/V -2.9). Optogenetic fibers (0.22 NA, 200um core) were implanted
bilaterally 200pm above the injection sites, using the same coordinates for vHP (3.5mm
fiber, D/V -3.5) and approaching at an angle for IL (3.0mm fiber, 25-degree angle, M/L +/-
1.65, A/P +1.8, D/V, 2.92). The fibers were secured in place with a layer of dental acrylic.
Mice were injected subcutaneously with carprofen (10mg/kg), and buprenorphine XR
(3.25mg/kg) in sterile saline (0.9%) to provide analgesia. Subjects were given ~21 days to

recover and allow for viral expression.

4.2.4 Optogenetics:

Cranial implants were bilaterally connected via fiber optic patch cables to a light
source interfaced with a FC/PC rotary joint (Doric Lenses). ChR2 stimulation was
delivered with a 17.2 mW, 470 nm LED (ThorLabs) delivered in 15ms pulses at 20 Hz

with an intensity of 1.1 mW at the end of the fiber optic implant.
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4.2.5 Context fear conditioning:

Prior to testing mice were handled to habituate to the experimenter and the process
of being tethered to optogenetic patch cables. Mice were gently handled for 2 min per day
for the first two days. The third day mice were put in a gentle restraint and fibers were
cleaned. On days 4-6 mice were gently restrained, attached to dummy patch cables, and
allowed to explore a clean cage with familiar bedding.

Behavioral testing occurred in 30.5 x 24 x 21 cm conditioning chambers (Med
Associates), with two aluminum side walls, a Plexiglas door and ceiling, and a white vinyl
back wall. Chambers were contained within a larger, sound-attenuating chamber. An
overhead white light illuminated the chamber continuously throughout the procedures. The
conditioning chamber contained a straight stainless-steel rod floor (36 rods, spaced 8mm
from center to center), was cleaned with a 70% EtOH solution between uses and was
scented with 1% acetic acid solution in the waste tray below the floor. Mice were attached
to optogenetic patch cables in all sessions, regardless of if light was being presented on that
test day. Contextual fear conditioning consisted of three 2-sec 0.75mA scrambled foot
shocks delivered through the rod floor 160, 240, and 310 seconds after mice were placed
in the chamber. Mice were removed 30s after the final foot shock and returned to their
home cage.

All behavioral sessions were video recorded at 30 frames/s using a near-infrared
camera mounted to the interior door of the chamber. Freezing was defined as the absence
of movement, except for those related to breathing. Videos were hand scored by the

experimenter using Stopwatch+.

86



4.2 .6 Retrieval and Extinction tests

The day following context fear conditioning mice were placed back into the
conditioning context for 12 minutes. Optogenetic stimulation was delivered in 3-minute
increments, from minutes 1-3 and 6-9. For this test these are referred to as ‘light on” or
‘light off” bins.

On subsequent days, mice were placed back into the conditioning context for 6
minutes, either with or without optogenetic stimulation, to test for further retrieval and

extinction.

4.2.7 Auditory fear conditioning and extinction

Auditory fear conditioning occurred in the same fear conditioning apparatus, with
a tiered grid flooring and 1% vanilla extract scent. Conditioning consisted of a 3-minute
baseline period followed by 4 pairings of a 30sec, 80 dB, 5000 Hz tone culminating in a
2sec 0.75 mA shock. Tone-shock pairings were separated by 30-60 seconds, and mice were
removed from the chamber 30 seconds following the last shock. Extinction occurred in a
third context with wood chip bedding on the floor, a curved back wall insert, and 2% lemon
soap scent. Extinction consisted of 20 30sec tones with 20sec intertrial intervals. On the
following day, retrieval was assessed in the extinction context and consisted of 4 tone

presentations.

4.2.8 Immunohistochemistry

Mice underwent optogenetic stimulation for 6 minutes in the fear conditioning
context, similar to retrieval sessions, then ninety minutes later were deeply anesthetized
with ketamine/xylazine (150/15 mg/kg) and transcardially perfused with 1x phosphate
buffered saline (PBS), followed by 4% paraformaldehyde (PFA) in 1x PBS. Brains were

extracted and post-fixed overnight at 4°C in 4% PFA and then transferred to a 30% sucrose
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in 1x PBS at 4°C for two days. 35 um coronal sections were collected on a cryostat. For
immunohistochemistry, sections were washed in 1x PBS and blocked at room temperature
(RT) for 1.5 h in 5% normal donkey serum (NDS) in 1x PBS with 0.5% Triton-X (PBS-
T). Sections were incubated with primary antibodies (1:2,000 rabbit anti-c-Fos polyclonal
antibody, Synaptic Systems #226-003) diluted in 5% NDS in 1x PBS-T overnight at room
temperature. Sections were rinsed in 1x PBS-T and incubated in secondary antibodies
(Alexa Fluor 555-conjugated AffiniPure Donkey Anti-rabbit 19G, Jackson
ImmunoResearch Laboratories) in 1x PBS-T for 2 h at RT. Sections were washed in 1x
PBS, mounted onto slides, and stained with 1:1000 DAPI for 5 minutes before being

coverslipped with Fluoromount-G (SouthernBiotech).

4.2.9 Imaging and quantification

4-6 images per animal were taken of the target region on a Zeiss ZoomScope and
Zen imaging software. Fluorescent channels were separated in ImageJ to manually count
neurons, using ROI sets to compare between channels. A cell was considered positive for
viral labeling if a dense outline of the soma was visibly distinct from background labeling
and labeled fibers. A cell was considered positive for c-Fos labeling if fluorescence level
in the soma was 2x background levels of fluorescence. Image counts were averaged for

each subject and are displayed as mean +/- SEM.

4.2.10 Statistical Analysis

Data were analyzed using two-sided t-tests or ANOVA, using repeated measures
when appropriate. Significant ANOVAs were followed by post hoc Holm-Sidak’s test for

multiple comparisons. Data analysis was performed on Prism (GraphPad Software) or JMP
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(SAS Institute). The a value was set at 0.05 for all analyses. All data are presented as mean

+SEM.

4.3 RESULTS

4.3.1 vHP SST interneuron stimulation decreases context freezing during retrieval

ChR2 was expressed in ventral hippocampal SST interneurons using a dual viral
strategy consisting of SE928:AAV(7)-SST-Cre to express Cre in SST cells, and the
inhibitory targeting BZ118:AAV(7)-h56D-(EGFP)°"™ or MM104:AAV(1)-h56D-(ChR2-
EGFP)C™. Mice underwent surgery for viral microinjection and optic fiber implantation
and were given three weeks for recovery. Mice then went through context fear conditioning
while attached to fiber optic patch cables without any light delivery. The next day, fear
retrieval was assessed over 12 minutes, with alternating 3-minute periods of blue light
delivered at 20 Hz (15ms pulses) or light off. A two-way RM ANOVA found no interaction
effect of Group by 3-minute Bins (Fg42) = 0.8638, p = 0.467), but did find an effect of
Group (F(,14) = 7.551, p = 0.0157). During the first light-on period, the ChR2 group froze
significantly less to the fear context than the control group (Sidak’s multiple comparison,
t14=2.614, p = 0.0451). Upon termination of light stimulation, freezing rose to a similar
level as the control mice (t14)=1.426, p = 0.501). In the second light on period freezing
again dropped to be lower than the control group, but was not significantly different
(tas=2.541, p = 0.054). When tested 24 hours later with no light stimulation, there was no
difference in freezing between ChR2 and control mice (t4=0.496, p = 0.627). These
results demonstrate that stimulation of vHP SST interneurons decreases the expression of

contextual fear during retrieval.

89



C Light On
Retrieval Test
80+
-o- Control
s o ChR2

% Freezing
N
S
1

N
o
1

T T T T
IOE [of| Mol [of]

<&y

=

SE928:AAV(7)-SST-Cre and
BZ118:AAV(7)-h56d-(eGFP)Cre
or MM104:AAV(1)-h56d-ChR2-eGFP)Cre

D

% Freezing

O=7-0- O-0-0-

Day

Surgery

1

2

3

8
1

CFC

Light On

Retrieval Test Retrieval Test 1

Light Off
Retrieval Test 1

80

o)
£

N
i

)
i

Off

% Freezing

40

[N}
-+

Light Off Extinction x4
. . F
Extinction
Fedek
@ji
~5—=S
'

]

—
-1~
Light Off
Retrieval Test 2

Light Off
Retrieval Test 2
80+

*kk

o)
2

% Freezing
N
2

204

off

Figure 4.1: Stimulation of SST interneurons in vHP impairs fear recall and extinction

(A) Representative image of vHP showing virus and optic fiber placement as well as
experimental design. (B) Timeline. (C) Freezing behavior during light-on and -off bins of
fear retrieval test. Freezing decreased in the ChR2 group during the initial stimulation
period. (D) Retrieval without stimulation was no different between groups. (E) During
extinction, freezing initially was reduced in the ChR2 group, then showed no difference
from controls. (F) Extinction retrieval was impaired, with higher freezing in the ChR2

group.
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4.3.2 vHP SST interneuron stimulation during extinction impairs extinction
retrieval

To test the effects of vHP SST stimulation during extinction mice underwent 4 days
of context exposure with blue light presentation. There was a significant interaction effect
of Group by Day (Fs,70) = 13.22, p < 0.001). The ChR2 group again showed a significant
decrease in freezing during the first extinction day (Sidak Multiple comparisons,
t14=4.579, p < 0.001), but there was no difference between groups on the next three days
of context exposure with stimulation (Ext2, t = 1.168, p = 0.8165; Ext3, t = 0.5436, p =
0.995, Ext4, t = 0.5855, p = 0.993). When the mice were returned to the context chamber
for a final retrieval test without light presented, the ChR2 mice froze significantly more
than control mice (t@4=4.108, p < 0.001). This higher freezing during the extinction recall

test suggests that stimulation impaired extinction learning on the previous extinction days.

4.3.3 PFC SST interneuron stimulation has no effect on context fear retrieval

SST interneurons in the prefrontal cortex were targeted in a separate group of mice.
Mice underwent surgery for virus injection and optic fiber implantation. Injection
coordinates were aimed at the IL, but the spread of the virus was larger than intended and
did include some of the PL. Thus we will refer to this group as stimulating the PFC. Three
weeks later mice received context fear conditioning. Fear retrieval was assessed over 12
minutes, with alternating 3-minute periods of blue light delivered at 20 Hz (15ms pulses)
or light-off. Mice froze at similar levels during fear retrieval in both the light-on and light-
off periods, and no significant differences were seen between the ChR2 and control group
(Two-way RM ANOVA, no interaction effect, F42) = 1.290, p = 0.291; Sidak Multiple
comparison light on 1, t = 0.673, p = 0.939). No group difference was seen in a light-off

retrieval session the following day (t = 1.427, p = 0.499). On the next three days of
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Figure 4.2: Stimulation of SST interneurons in the PFC

(A) Experimental design and representative image of virus and optic fiber placement in the
PFC. (B) Timeline. (C-H) No difference between ChR2 groups was seen during context

fear retrieval, across extinction, or extinction retrieval.

extinction, both ChR2 and control groups froze at similar levels both with and without light

stimulation. On the last test day we again tested mice with alternating periods of light on

and light off, and saw no differences between the two groups (No interaction, F@gss) =

0.3148, p = 0.8146, or group effect, F1,18) = 0.014, p = 0.906). These results suggest that

in these animals, stimulating SST interneurons in the IL had no effects on freezing behavior

during context fear retrieval or extinction.
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4.3.4 PFC SST interneuron stimulation increases freezing after tone fear
conditioning and extinction

Next, we sought to test if our SST stimulation, which should increase inhibition,
could replicate an experiment by Do-Monte et al. that used ArchT inhibition during
auditory fear extinction. Do-Monte et al. have shown that silencing glutamatergic neurons
in the IL during extinction training had no effect on within-session extinction but impaired
extinction retrieval on the following inhibition-free day. We thus attempted to replicate this
experiment to test our optogenetic manipulation.

The same groups of mice from the previous experiment were auditory fear
conditioned in a new context, consisting of a different floor grid and scent. Baseline
freezing to this new context was low, suggesting little if any generalization of fear across
contexts. Auditory conditioning consisted of 4 pairings of a 30-second 80-dB tone
culminating in a 2-second 0.75 mA shock. Extinction occurred the following day in a third
context and consisted of 20 tones without shock. Optogenetic stimulation occurred during
the 30-second tones. ChR2 mice froze significantly more than control mice during the first
two tones, but extinguished across the session and froze at similar levels to the control
group in all other tone presentations (Fig. 4.3C: ANOVA, no effect of group: F,18)=0.014,
p = 0.908). In a light free retrieval session the following day, ChR2 mice again froze
significantly more than control mice (Fig. 4.3D: F(1,54)= 8.533, p < 0.01). This is similar to
the results seen by Do-Monte et al. and suggest that our optogenetic manipulations are
effective in impairing auditory fear extinction, but not in our original contextual fear

paradigm.
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Figure 4.3: SST stimulation impairs auditory fear extinction.

(A) Timeline. (B) Tone conditioning was similar for both groups. (C) Extinction with SST
stimulation. ChR2 mice initially displayed higher freezing, but extinguished similar to
controls. (D) ChR2 mice froze more than controls during extinction retrieval.

4.3.5 IL specific SST interneuron stimulation has no effect on fear or extinction
retrieval

A third experiment was performed to test a smaller injection in the PFC to better
isolate the infralimbic cortex. We used a simplified contextual fear paradigm, where SST
stimulation occurred only during extinction sessions, to compare to our VHP results and
auditory cue conditioning results. Mice were context fear conditioned, then went through
four days of context extinction with SST stimulation at 20 Hz (15ms pulses). Mice were
then tested without any light stimulation in a subsequent retrieval test. No differences

between groups were seen during extinction sessions, or during retrieval.
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Figure 4.4: IL specific injections did not affect fear or extinction behavior.

(A) Representative image showing low expression of virus. (B-D) Timeline, stimulating
during extinction learning had no effect on extinction retrieval. (E-F) Timeline, stimulating
during auditory extinction learning had no effect.
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To confirm the efficacy of our manipulation, these groups of mice were then
auditory fear conditioned similar to the previous experiment and underwent auditory fear
extinction with light presentation during the tones. No difference between groups was seen
during tone extinction. The following day mice were tested in a light free retrieval trial, but
no difference in freezing was seen between the groups that received SST stimulation during
extinction and the control group. Histological verification of injection locations and viral
spread showed that the smaller injection volume resulted in more variable virus infection,
with some animals displaying minimal amounts of neurons reporting GFP in the IL and
some showing good coverage in only one hemisphere. As this experiment failed to replicate
the impaired freezing during auditory tone retrieval seen in our previous experiment, it is
possible that this attempt at more specific IL targeting did not result in a significant

stimulation of IL SST interneurons.

4.3.6 Histology confirms activation of GFP labeled cells and some colocalization
with SST

After experiments, histology was performed to assess c-Fos activity within GFP
labeled cells, and colocalization with SST. IHC for c-Fos confirmed an increase in the
percent of GFP cells that were also positive for c-Fos in both the vHP and PFC ChR2
groups compared to controls (One-way ANOVA, F(2,26) = 20.38, p <0.001.) As both
controls showed low c-Fos expression within these populations, the control groups were
combined for these analyses. IHC against an SST antibody however showed an interesting
pattern. Some cells were clearly labeled for both GFP and SST, but many GFP positive
cells did not show clear SST labeling within the some. Many GFP labeled cells in the vHP

were located in the lacunosum moleculare, rather than the stratum oriens. There is a high
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Figure 4.5: Histology for c-Fos activation and SST

(A) Representative images of c-Fos IHC. Both ChR2 groups had higher c-Fos activity
within GFP labeled cells, confirming ChR2 excitation. (B) IHC for SST is not a perfect
overlap, with some GFP cells also positive for SST, but many are not.

degree of non-somatic SST antibody labeling here, but it is unclear if the GFP cells are
SST+ based on this histology. IHC in the IL similarly showed a low degree of somatic SST
labeling within GFP+ cells. Given that there is a substantial amount of non-somatic
labeling with this SST antibody, running another histological analysis such as fluorescent

in situ hybridization may provide a more complete picture of the overlap of viral infection
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and cell expression of SST. While the behavioral effects seen in this chapter suggest that
our optogenetic stimulation led to general inhibition, and GFP labeled cells do not look
like excitatory pyramidal neurons, it is possible that we might be targeting a larger

population of interneurons than just SST.

4.4 DISCUSSION

In this series of experiments, we investigated the role of the vHP and PFC in context
fear and extinction using optogenetic stimulation of SST interneurons. The VHP is
recognized for its involvement in context fear learning, but less is known about its role in
extinction. On the other hand, the PFC, IL in particular, is known to influence auditory cue
extinction, but whether it is needed for context extinction is not understood. There is still
much to learn about how these regions influence context fear and extinction. Here we
stimulated SST interneurons to induce inhibition or dysregulation of the target areas to test
the necessity of vHP and PFC in expressing and suppressing context fear. We demonstrate
that stimulating SST interneurons in the VHP reduces context freezing during initial fear
retrieval as well as impairing fear extinction learning, as seen in a stimulation free
extinction retrieval test. We also show that SST stimulation in the PFC had no effect on
context fear and extinction retrieval but did impair auditory fear extinction. These results
clarify the roles of the vHP and PFC in fear and extinction, while also underscoring the
differences between contextual and discrete cue association learning.

We focused on stimulating SST interneurons to cause widespread local inhibition
of principal neurons, but these cells likely have a more nuanced role in modulating local
activity. SST interneurons also can inhibit parvalbumin interneurons and lead to the

disinhibition of principal neurons (Cummings and Clem, 2020). SST interneurons are a
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diverse population, containing various receptor and peptide expression, and distinct
ensembles of SST interneurons have been shown to encode fear and reward memory
(Cummings et al., 2022). Our method of targeting SST interneurons resulted in GFP
positive cells across the layers of CAL, including in the radiatum and lacunosum
moleculare, rather than being confined to the stratum oriens where the impact of SST
interneurons has been most frequently studied. SST cells across hippocampal layers have
differing synaptic connections and may be differentially contributing to local circuit
activity. Our results suggest that our SST interneuron stimulation is having a net inhibitory
effect, as our cued fear extinction findings in the second experiment replicate a previous
effect seen by inhibiting principal neurons with ArchT. However, given SST interneurons
ability to finely modulate local circuitry, stimulation could have an effect through not
necessarily decreasing pyramidal cell activity, but by disrupting synchronized oscillation
activity or other subtle modulation of the local circuit.

Our results show support that the vHP is involved broadly in contextual fear
retrieval and extinction learning. We show that freezing behavior decreases with SST
stimulation during fear retrieval, which is indicative of impaired fear memory retrieval.
This decrease in freezing might reflect impairment in signaling to the basolateral amygdala,
an integral region for fear association. On the other hand, SST stimulation during extinction
sessions led to an increase of freezing behavior on the final, no-stimulation, retrieval test
day. This suggests that disrupted vHP processing during extinction learning led to weak
extinction, and thus high fear. As increased vHP inhibition initially impaired fear retrieval
memory, extinction may require hippocampal recall of fear memory and the violation of
the expectation of shock in order for learning of this changed association to occur. This
may reflect impaired signaling and lack of plasticity between the hippocampus and the PFC

during extinction learning, and thus impaired inhibition of inappropriate fear during
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retrieval. Overall, these results demonstrate that the ventral hippocampus is involved in
both context fear retrieval and extinction learning, and that stimulating SST interneurons
disrupts both these processes.

It is also possible that the increased freezing during the extinction retrieval test
could reflect context-dependency learning during extinction, rather than just impaired
extinction. Extinction is highly context-dependent, and testing recall of cued fear extinction
in a context different than where extinction was learned leads to an increase, or renewal,
of fear (Bouton et al., 2006). While we took efforts to minimize visible light cues and keep
the presence of the patch cable consistent across days, the optogenetic stimulation itself
might have acted as a learned context for extinction. Continuous 20 Hz (15ms) stimulation
of SST interneurons over an entire context retrieval test is hardly a normal physiological
state and may have contributed to a unique internal representation of context. Thus, the
absence of stimulation on the retrieval test day may have constituted a context shift “back”
to the originally perceived conditioning context and the renewal of fear. We cannot fully
rule out this possible influence.

In the second experiment, stimulating PFC SST interneurons did not influence
freezing behavior in context fear recall or extinction recall. Given our previous finding that
VHP projections to IL were preferentially activated during extinction recall, and the
involvement of both PL and IL in cued fear and extinction respectively, we had
hypothesized a potential influence of SST stimulation. The PFC injections were aimed at
IL but did extend into some of the PL, however the fiber placement was ventrally located
in IL. If anything, we expected SST interneuron stimulation, and resulting local inhibition,
to result in impaired extinction recall due to IL’s role in extinction of cued fear. Our results
would suggest that PFC SST interneurons stimulation is not sufficient to cause a change in

freezing behavior during either fear or extinction recall of contextual fear.
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We did see higher freezing in the same ChR2 mice in a tone fear conditioning
paradigm during the initial stimulation of tone extinction and in a stimulation free
extinction retrieval test, replicating previous work from Do-Monte et al and showing that
our stimulation was effective. Most of the literature demonstrating PFC involvement in
extinction utilizes auditory tone conditioning. Work from Roger Clem’s lab has shown that
optogenetic manipulation of SST interneurons in the PL does influence auditory cued fear.
Optogenetic inhibition of SST interneurons in PL reduced freezing when paired with the
auditory CS, and stimulation caused freezing in the absence of a CS (Cummings and Clem,
2020; Cummings et al., 2022). Given that the PL is thought to promote fear, they explain
this unexpected direction of the effect by demonstrating that SST stimulation caused
disinhibition of parvalbumin interneurons in the PL. Whether or not our manipulation
affected PV cells, we did not see any change in freezing during context fear recall or
extinction recall. We based our optogenetic stimulation on Clem’s parameters, using 20Hz
15ms pulse stimulation since they demonstrated that 20Hz stimulation in 20ms and 5ms
bursts both affect freezing in PL. One difference is the length of stimulation. During
auditory paradigms, stimulation is paired with a 20-30 second tone, whereas we stimulated
across 3-minute periods or the entire context retrieval test (6 minutes). While stimulating
interneurons over minutes may cause different effects than over 20 seconds, this was
effective in the vHP to impair fear memory and extinction learning. Overall, it is possible
that contextual conditioning and extinction engage the IL differently from cued
conditioning. As opposed to being one factor to help interpret whether or not to be afraid
of a once fearful discrete cue, our results suggest that extinction of fear purely to a context
is less influenced by IL activity.

However, one important discrepancy in these studies is that our stimulation of PFC

interneurons was done during extinction recall, rather than during extinction learning like
101



in the auditory fear paradigm and in the vHP manipulation. This provides a good
comparison to the c-Fos activity data in Chapter 2, which assessed activity during context
recall, but leaves the impact of IL on context extinction learning an open question. The last
experiment sought to test if increased inhibition of the IL would impair extinction learning
in a similar manner to the vHP, but this experiment failed to have any effect on auditory
fear extinction and seems not to have been effective due to low viral infection rates. Thus,
it is possible that the IL may still be needed for context extinction learning, but not for
extinction recall.

Overall, these experiments demonstrate a broad role for the vHP in both expressing
context fear and learning to suppress fear during extinction, while the PFC does not appear
to be necessary for context fear or extinction expression but is necessary for extinction of
fear for discrete cues. The hippocampus is often focused on for its role in spatial memory
and forming contextual representations. These results support the role of the hippocampus
as generating and communicating contextual information to other fear related regions,
while also showing its bidirectional influences on fear behavior. On the other hand, these
results suggest that PFC activity is not necessary for context fear or extinction behavior,
highlighting a difference in how this region influences fear to discrete cues versus
contextual fear. These results give us a better understanding of how these regions influence
fear and extinction behavior, and how they may fit into the broader fear circuit to interpret
contextual information involved in fear learning, whether that context is the subject or

background for the learned fear association.
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Chapter 5: General Discussion

The hippocampus combines features of an environment into a conjunctive
contextual representation, which is further capable of encoding episodic content such as
the valence of fear and extinction memories. Though prior research has made it clear that
the hippocampus maintains distinct representations for fear and extinction memories of a
singular context (Lacagnina et al., 2019), how these different memory representations
activate different behavioral states is not fully understood. Neurons in the ventral
hippocampal (vHP) CA1 and subiculum project to other brain regions involved in fear and
extinction recall, and investigation of activity in this region can elucidate the
hippocampus’s role in conveying contextual memory to a broader fear circuit to modulate
behavior. The research described in this dissertation has shown that the VHP recruits
different projection pathways during fear and extinction recall, and that inhibiting the vHP
impacts both context fear recall and extinction learning. These results give further evidence
that the hippocampus encodes the valence of contextual memory and can modulate recall
and behavior through selective activation of projections to other regions.

In Chapter 2, we show that fear and extinction recall differentially activate vHP
projection neurons. Using CTb to retrogradely label vHP neurons projecting to IL or BLA,
and c-Fos as a marker of recent cellular activity, we see that after fear recall there is more
c-Fos activity in vHP neurons projecting to BLA than those projecting to IL, and a shift
after extinction to higher activity in neurons projecting to IL rather than BLA. It’s
important to note that both of these projections show activity in both recall events, but the
ratio of activity between these populations changes. In the pre-exposure experiment, we
show that context learning prior to fear conditioning does not result in high activity in IL
projections like seen after extinction recall, however activity is relatively even amongst

VHP projections to IL and BLA in this condition, suggesting some recruitment of this
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pathway. These results provide evidence that the ventral hippocampus is sensitive to the
valence of the associational context memory, and activity changes to potentially route
information to regions involved in valence relevant recall and behavior.

To test the influence of these projections on memory and behavior directly, we tried
to selectively inhibit vHP projections. Based on our results in Chapter 2, vHP projections
to BLA are more active during fear recall and projections to IL are more active during
extinction recall, and if these projections are indeed necessary, inhibiting these projections
should impair memory during recall tests. In Chapter 3 we employed intersectional
optogenetic and chemogenetic strategies to selectively inhibit vHP projections. These
experiments did not show effects of these manipulations and raised more questions than
they answered. Rather than showing a true negative result, these experiments may not have
produced strong inhibition of these pathways due to methodological and behavioral issues.
We had some concerns over whether there was strong enough inhibition, due to placement
of optic fibers and sparce viral labeling of neurons. It could also be the case that our
manipulations were effective, and that inhibition of vHP projections to BLA do not impair
context fear retrieval and inhibition of vHP projections to IL do not impair context fear
extinction retrieval. As multiple other studies have shown that the vHP projections to BLA
are necessary for retrieval of contextual fear, the conclusion that in our hands this
projection is not necessary is hard to believe. However, it is possible that the vHP
projection to IL is not necessary for the retrieval of context extinction. The IL could be a
necessary region for context-dependent control over ambiguous fear situations. Little
evidence exists on how the IL impacts contextual fear extinction, and it is possible that
context extinction memory can be expressed while bypassing the IL. However, these
experiments inspired us to think about other ways of inhibiting the vHP and to critically

analyze all aspects of our results.
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In Chapter 4, we used optogenetic stimulation of SST interneurons to induce
inhibition within the vHP and PFC. Inhibiting the vHP in this manner during fear retrieval
impaired recall and reduced fear behavior. Inhibiting the vHP during extinction trials
initially showed the same effect, but when testing extinction recall without inhibition we
saw an increase in fear compared to controls, suggesting an impairment in extinction
learning. A few different conclusions can be drawn from this result. Perhaps inhibiting the
VHP is preventing the proper memory formation for extinction and disrupting plasticity in
VHP synapses that may underlie extinction (Peters et al., 2010; Rosas-Vidal et al., 2018).
This suggests that the hippocampus is involved in both fear and extinction, potentially
through a recruitment of different projections to influence expression and suppression of
fear. This interpretation would support the hippocampal role of maintaining distinct
memories for fear and safety rather than conveying neutral contextual information. On the
other hand, this result also suggests that recall of the context fear memory, along with the
violation of the expectation of shock, is needed for proper extinction learning. As these
experiments generally increase inhibition in the vHP rather than specific projection, it’s
possible that both modification of extinction and fear memories, and plasticity changes in
both projections to IL and BLA, could be necessary for extinction learning.

Interestingly, stimulating SST interneurons to inhibit IL did not influence context
fear or extinction, but demonstrated IL necessity during auditory fear extinction. This
suggests that the IL may be more involved in mediating cued fear extinction rather than
context extinction. However, if the vVHP projection to the IL is activated during context
extinction as demonstrated in Chapter 2, what is the influence of this activity? It’s possible
that contextual information is conveyed, but inhibiting the IL is not sufficient to impair
extinction recall, which would be in line with our results from Chapter 3. While it has been

shown that different hippocampal projections to the basal and central amygdala mediate
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context fear and contextually-gated cued fear, less is known about this how contextual
information is conveyed from the vHP to the IL and what influence it has on behavior. It
is possible that the PFC is only necessary for extinction of cue-associated fear, and not
contextual fear. The PFC may play an executive function role in mediating fear,
considering contextual cues and updated memory to determine how predictive a tone cue
may be at that instance. Perhaps context memory itself, being so entwined with
hippocampal episodic memory in general, contains enough information about emotional
valence to not require such a PFC mediator. Additionally, the PFC may still be required
for learning of extinction, but not the expression of extinction memory. Further tests
focused on IL inhibition during context extinction learning would better replicate the vHP
results and provide more understanding of the dynamics between these two regions during
context extinction.

These experiments all aimed to investigate how hippocampal representations of
context memory can activate different behavioral states, but teasing apart behavior and
memory is not trivial. Freezing, an ethological behavior to avoid detections by predators,
is a good measure of fear, but it is often the only measure we use in the lab. You can block
freezing by lesioning the hippocampus, which we believe is memory related, but you can
also block freezing by manipulating hypothalamic regions that activate defensive
responses. Where does memory stop, and behavior begin? For instance, it’s possible that
our stimulation of SST interneurons in the vHP for 6 straight minutes could be causing
odd, non-physiological sensory and autonomic effects. Perhaps mice are freezing not
because of recalled fear, but confusion or lack of ability to move properly. Assessing other
behavioral correlates of fear and running control behavioral tests to assess locomotion
could substantiate some of these results. Similarly, differences in learning vs expressing

fear and extinction should be carefully considered in future studies, particularly in
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understanding the PFCs contribution to extinction. Additionally, maybe PFC activity could
reflect processing of the level of absolute fear experienced, rather than memory per se.
There is much still to investigate about how these brain regions work in tandem to give rise
to complex thought, feeling, and behavior.

Together, this work advances our understanding of how the hippocampus processes
memories of opposing valence and conveys contextual fear and extinction memory to other
brain regions. These experiments demonstrate that in the ventral CA1 and subiculum,
where projections are located to signal to other fear and extinction related regions,
hippocampal activity is sensitive to changing valence of contextual memory and can
influence both fear and extinction behavior. The hippocampus has long been thought of as
a structure that can organize specific experience within a contextual map and guide
behavior (Tolman, 1948; Schiller et al., 2015). Contextual fear memory requires spatial
memory as well as emotional and behavioral regulation, incorporating hippocampal
processing across all subregions, from dorsal to ventral pole. The separate learned
associations of fear and extinction within a single context are distinctly encoded
(Lacagnina et al., 2019), and this work further shows that the ventral hippocampus
differentially represents opposing valanced memory through activation of projections to
relevant brain regions involved in specific recall and behavior, and can influence both fear

and extinction behavior.
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