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Abstract Page

Granule cells (GCs) of the dentate gyrus (DG) have been understood as a homogeneous
class of neurons exhibiting a characteristic limited firing pattern. A subtype of GC called a
semilunar granule cell (SGC) has been identified exhibiting variant morphology,
electrophysiology, and positioning from normal GCs. SGCs represent an emerging novel
subpopulation of GCs, however, there is presently no genetic tool to access SGCs separately from
normal GCs. To provide access for future in vivo studies of this population, we examined two
genetic strategies for putative SGC specificity in mouse brain slices. Morphological analysis was
performed for quantitative identification of putative SGCs in a total of 822 neurons. Experimental
neurons possessed between one and four primary dendrites (PDs) in both strategies. The mean
circularity index (CI) of somas from both strategies was .88 . Intersectional strategy somas were
found to express 1.95 PDs on average, while enhancer trap strategy somas had an average of 2.2
PDs. 114 dendritic spans were measured in our intersectional strategy, neurons with greater than
one PD had 64.5% greater spans than neurons with only one PD. Our enhancer trap strategy for
SGC access is tamoxifen-inducible, allowing for temporal control over transgene expression. Our
intersectional strategy utilizes the differential co-expression of transgenic populations to
specifically access SGCs, allowing for induction scheme variation. Our results suggest these
methods may be used to access SGC populations, however, the heterogeneous morphological
characterization of SGCs and lack of specific SGC markers in the literature limit confident
identification of this population. Our study supplements available literature by providing a large
scale manual analysis of individual SGC morphology. These strategies open the possibility for
manipulation of the SGC population, such as through inactivation, in order to further explore the

relationship of this population to cognitive processing in vivo.
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Chapter 1: Introduction

1.1 The Hippocampal Formation

The hippocampal formation (HF) is a medial temporal lobe structure composed of the dentate
gyrus (DG), hippocampal Cornu Ammonis (CA) areas CA1, CA2, and CA3, and the subiculum
(Figure 1) (Mendoza et al. 2008). The HF receives incoming sensory signaling from multiple brain
regions, facilitating its encoding as discreet long-term and working memories (Walker et al. 2010).
The HF is associated with research examining memory and learning pathologies and is tightly
correlated with temporal lobe epileptogenesis (Clark et al. 2017; Scharfman, 2000; Save et al.
2018). The particular competence of the HF for memory encoding is dependent upon an assembly
of distinct cell types found throughout HF regions (GoodSmith et al. 2017). Studies examining
prominent populations within this system develop models of cellular memory dynamics and

provide insight to future studies aimed at correcting pathologies of memory and learning processes.

Figure 1. Hippocampal Formation Anatomy Adapted from Allen Brain Atlas

(left) Nissl-stained hippocampal formation with (right) mirrored anatomical sketch. Abbreviations: (HPF)
Hippocampal Formation; (DG) Dentate Gyrus; (mo) molecular layer of DG; (sg) granule cell layer of DG;
(po) polymorphic layer (hilus); (slm) stratum lacunosum-moleculare.



1.2 The Trisynaptic Circuit

Bundles of axons extending between the DG and hippocampal regions CA3 and CA1l
compose a prominent HF structure known as the trisynaptic circuit (Figure 2) (Stepan et al. 2012;
Basu & Siegelbaum, 2015). The trisynaptic circuit is a pathway receiving the majority of the
sensory signaling entering the HF and functions dynamically in processing, storing, and retrieving
environmental stimuli as encoded memories (Schmidt et al. 2012; Senzai, 2019). The collaborative
functioning of specialized cell types found throughout the circuit effectively store overlapping
barrages of sensory data from distinctive environmental contexts into separate, retrievable
memories (Woods et al. 2020). Curiously, synapses found in CA3 and CA1 are excitatory and
experience excitotoxicity leading to cellular death if sensory inputs entering the circuit are not
dampened (Gonzales-Burgos et al. 2009). The DG, termed “the entrance gate to the hippocampus”,
contributes to the trisynaptic circuit by acting as a low-throughput center, relaying sensory inputs
entering the trisynaptic circuit in discrete and sparse packages to volatile hippocampal synapses

(Figure 2) (Ascady et al. 2000; Save et al. 2019; Walker et al. 2010).
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Figure 2. The Hippocampal Trisynaptic Circuit

Schematic created with BioRender software showing excitatory perforant pathway signaling to
the DG, limited delivery of signaling from the DG to excitatory synapses in CA3, CA3 schaffer
collaterals projecting to excitatory synapses of CAl, and CA1 projecting back to the entorhinal
cortex.



The entorhinal cortex bundles environmental stimuli received in the cortex for delivery
into the trisynaptic circuit by fibers of the perforant pathway (Figure 2) (Sancho-Bielsa et al. 2012).
Perforant pathway fibers terminate at the DG (Figure 2), characterized by an uncommonly forceful
intrinsic and circuit-mediated inhibition on its neuronal populations (Hatami et al, 2018). The
inhibitory environment and intrinsic properties of DG output neurons leads them to fire sparsely,
transmitting data to CA3 and CA1 synapses in a tightly regulated, limited manner (Dengler &
Coulter, 2016). The limited propagation of perforant pathway inputs by the DG reduces the sensory
bandwidth relayed into the trisynaptic circuit and is necessary for sustaining CA3 and CAl
function (Dengler & Coulter, 2016). Hippocampal memory function is thus clarified by a sum of
the individual contributions of constituent HF regions.
1.3 Anatomy of the DG
The DG is divided into three anatomical layers termed the hilus, granule cell layer (GCL), and
molecular layer (ML). Of these layers, the hilus is the innermost, the GCL is found in the center,
and the ML is the most peripheral (Figure 1) (Walker et al. 2010; Sancho-Bielsa et al. 2012).
Throughout all DG layers is a collection of GABAergic interneurons which contribute to the
synaptic inhibition within this region (Rovira-Esteban et al. 2020) There is a uniquely high density
of interneurons found in the DG hilus (Scharfman, 2016). Interneurons are nearly exclusively
located in the central nervous system and contribute to local regulation of sensory and motor
signaling (Sik et al. 1997). Interneurons, including those found within the DG, exhibit
heterogeneous morphology, physiological traits, and connectivity, however, interneurons can be
broadly grouped under the use of GABA as their primary neurotransmitter (Houser et al. 2007).
Granule cells (GCs) of the DG are responsible for receiving and projecting DG input and output

(Bartos et al. 2001). Their cell bodies are densely packed throughout the GCL and their dendrites
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extend into the ML of the DG (Figure 1) (Sancho-Bielsa et al. 2012). The subgranular zone (SGZ)
of the DG is a thin layer of the distal hilus that forms a border with the proximal GCL (Christian
et al. 2020). In the 1960s, the phenomenon of mammalian adult neurogenesis was discovered for
the very first time in the rat SGZ of the DG (Altman & Das, 1965). The SGZ produces adult-born
GCs (abGCs) from precursor stem cells which migrate to integrate into DG circuitry throughout
adulthood, the SGZ is one of only two regions exhibiting adult neurogenesis in the mammalian
brain (Yu et al. 2014; Drew et al. 2013). Tagging GCs with bromodeoxyuridine (BrdU) has
revealed early-born GCs to migrate further towards the GCL/ML border while late-born, younger
GCs were observed closer to the SGZ (Kaptan & Uzum, 2016).
1.4 Trisynaptic Pathway

The ML of the DG is the first site of perforant pathway projection into the trisynaptic circuit,
a region initially damaged in pathologies such as epilepsy and Alzheimer’s disease (Henze et al.
2000; Sancho-Bielsa et al. 2012). Stimuli is transmitted out of the DG via the specialized axons of
GCs termed “mossy fibers” to the CA3 region of the hippocampus (Figure 2) (Henze et al. 2000).
The axons of CA3 output neurons, termed Schaffer collaterals, project to CA1 (Figure 2) (Kaptan
& Uzum, 2016). CA1 neurons project back to the entorhinal cortex to complete the trisynaptic
circuit (Figure 2) (Xiong et al. 2017). The transmission of perforant pathway signaling by the DG
is highly regulated at anatomical and synaptic levels as well as through functionally unique
neuronal populations (Faghihi & Moustafa, 2015).
1.5 Dentate Gyrus Granule Cells

DG GCs are glutamatergic cells that fire in a highly controlled, non-spontaneous manner

(Jinde et al., 2013; Duffy et al. 2013). GC mossy fiber axons synapse with pyramidal cells and

interneurons within the CA3 region of the trisynaptic circuit, a single mossy fiber from one GC
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can reach about 15 pyramidal neurons in CA3, 40 to 50 interneurons in CA3, and up to 150 hilar
interneurons in the DG via mossy fiber collaterals (Alkadhi, 2019; Christian et al., 2020; Sik et al.,
1997). Although DG GCs contact large neuronal populations, their physiological limited firing
prevents hyperexcitability within these networks; this sparseness is additionally thought to be
critical to normal learning and memory, being related to the capacity to form discrete memories
(Senzai et al. 2019).

Because GC mossy fiber axons deliver sensory signaling out of the DG and on to CA3,
sparse transmission of perforant pathway inputs to excitable CA regions is dependent on limited
activation of GCs. A portion of the inhibitory regulation on GCs is intrinsic, GCs rest at
hyperpolarized membrane potentials making them resistant to depolarization (Williams et al.
2007). Granule cells also swiftly adapt in response to depolarizing signaling (Dengler & Coulter,
2016). These properties limit GC excitability to facilitate specific and effective memory encoding;
indeed the dysregulation of GC excitability is implicated in the pathogenesis of temporal lobe
epilepsy (Althaus & Parent, 2012). In addition to intrinsic regulation, GCs are further regulated by
an extensive local network of excitatory and inhibitory inputs.

1.6 Mossy Cells

In addition to receiving sensory inputs within the ML, GCs dendrites are also activated by
mossy cells (MCs). MCs are glutamatergic neurons that are characterized by having large complex
dendritic spines and large somas (Sun et al. 2017). The cell bodies of MCs are located exclusively
in the hilus with monosynaptic connections to GCs in the GCL as well as axons that primarily
project to the ipsilateral and contralateral inner molecular layer (IML), the innermost third of the
ML (Scharfman & Bernstein, 2015). Recordings from hilar MCs suggest that they generate dense

local axon collaterals within the DG hilus where a high density of inhibitory interneurons is found
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(Scharfman, 2016). GCs rely on MC-mediated activation, when MCs are inactivated GCs are
unresponsive to perforant pathway stimulation (Scharfman, 2016). In addition to mediating GC
excitation, MCs also inhibit GCs via their circuit connection to GCs through large networks of
GABAergic neurons (Scharfman, 2016; Scharfman, 2018).
1.7 Basket Cells

Basket cells (BCs) are the most common of all GABAergic interneurons found in the DG,
inhibiting their target cells (Bartos et al. 2001). These neurons are innervated by MCs and synapse
onto GCs, as such, GC inhibition results from MCs activating BCs which in turn inhibit GCs
(Scharfman, 2016). BCs exhibit uniquely high frequency firing and activate each other more
rapidly than they do GCs, as such, large networks of BCs are quickly activated in response to
stimulation and in turn, these interneuron networks functionally inhibit GCs (Bartos et al. 2001;
Scharfman, 2016). Through these networks, one BC may reach up to 10,000 GCs (Afrasiabi et al.
2022).
1.8 Semilunar Granule Cells

DG GCs have historically been understood as a homogeneous class of neurons exhibiting
tightly controlled, limited firing due to intrinsic and extrinsic regulation (Larimer & Strowbridge,
2010). Studies which examine heterogeneity in GCs have largely amounted to variations during
their maturation, which are transient (Wang et al. 2021). Semilunar granule cells (SGCs) are a sub-
population of the DG GC, the first electrophysiologic recordings from this population described
tremendous variation from historically understood GC functionality and upset long-held
understandings of DG circuitry and processing (Williams et al. 2007; Walker et al. 2010; Drew et
al. 2013). While SGCs represent an unanticipated sub-population of normal DG GCs, there is

presently no gene which selectively defines SGCs from the larger GC population (Afrasiabi et al.
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2022). Lack of an established genetic tool to access SGCs presently limits research on this

population in vivo, where the relevancy of SGC function in a living organism might be examined.

Semilunar Granule Cell Granule Cell

___J20mv
500 ms

Figure 3. Comparative Morphology & Electrophysiology of SGCs and GCs in Rats.

A, Dye-filled SGC showing wide dendritic arborization, semilunar soma shape, axon collaterals in the hilus, to CA3, and in
the IML. A, IML axon collateral enlargement. B Reconstruction of typical GC. C Example of SGC axon collaterals in the
ML. D In vitro responses of SGCs and GCs to 2s depolarizing current steps, performed by Williams and colleagues (2007).
Scale bars = 25 microns.

1.9 Initial SGC Characterization

The first study of SGC morphology and electrophysiology was performed by dye-filling
patch-clamped cells in hippocampal rat brain slices (Williams et al. 2007). SGCs were observed
with polarized dendrites, an axon to the hilus and CA3, and dense dendritic spines like normal
GCs, however, this population presented with atypical morphology, location, electrophysiology,
and connectivity (Figure 3). SGCs were described to have triangular or semilunar somas (Figure
3C), distinct from spherical GCs, and were found at the border between the GCL and ML (Figure
3A1), more peripheral than normal GCs. Like GCs, SGCs were observed with axon collaterals to
the hilus, however, SGCs were found with additional axon collaterals to the IML and GCL (Figure

3A2 & 3C). SGCs differ from normal GCs most obviously in their electrophysiology, patch-
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clamped SGCs were found to fire multiple action potentials for several seconds following
stimulation while GCs only discharged through the first 100ms of the response (Figure 3D). SGCs
were found with significantly lower spike frequency adaptation and input resistance than normal
GCs, suggesting largely different functions within DG circuitry. Paired cell recordings revealed
SGCs to monosynaptically excite MCs and interneurons in the hilus and hilar stimulation revealed
that SGCs are likely excited by MC axons. This unique connectivity to MCs and inhibitory
interneurons has led to the proposition that SGCs limit activity in the DG by exciting inhibitory
populations (Williams et al. 2007; Scharfman et al. 2018; Afrasiabi et al. 2022; Walker et al. 2010).

Prior to this study by Williams and colleagues (2007), GCs of the DG were understood
within the field as a homogenous population characterized by limited firing. The discovery of
SGCs challenged this understanding, implying that the complexity of DG circuitry exceeds current
descriptions. The presence of SGC dendrites in the ML suggests a potential role in sampling
perforant path signaling entering the trisynaptic system while their rapid spiking and monosynaptic
connections to MCs suggest robust modulation of GC activity and therefore DG output. Here, our
team performs morphological characterization of two distinct strategies for GC-independent

transgenic SGC specificity in the mouse brain.
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Purpose

The purpose of this study is to establish access to SGCs in vivo in the mouse brain.
Scope

We sought to examine the spatial distribution and morphology of transgenically designated
neuronal populations in the mouse DG to evaluate them for SGC specificity. Our intersectional
strategy utilizes the differential expression of designated populations in the Grm2 Cre and KG
lines to specify SGCs and our ET strategy explores an inducible, single allele strategy for such
access.
Assumptions

We assume the previously described in vitro behavior of SGCs indicates robust in vivo
activity, which may have therapeutic relevance. We also assume our manipulation of transgenes
does not cause atypical morphological development in our model populations.
Hypothesis

Our strategies for isolating SGCs will supplement available morphological data on this
population and pave the way for future in vivo manipulations of SGCs.
Significance

The SGC population exhibits robust involvement in HF processing in vitro, our strategies
for in vivo access to SGCs will allow their investigation in model organisms where the role of
SGC in HF-relevant learning and memory processes, as well as their involvement in

epileptogenesis and other HF pathologies, may be examined.
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Chapter 2: Review of Literature

Following the original characterization of dye-filled SGCs in rats by Williams et al. (2007),
subsequent studies have noted cells with SGC-consistent morphology and positioning in mice,
rabbits, and primates (Save et al. 2019; Sancho-Bielsa et al. 2012; Gupta et al. 2019). These
findings provide support for SGC presence throughout mammalian species; it has been suggested
that SGCs may become an attractive population for studying epileptogenesis and seizure disorders
in humans, where SCGs have not yet been examined (Williams et al. 2007; Gupta et al. 2012).
Although recent studies indicate potential for SGCs as a robust contributor to DG and therefore
hippocampal functioning, there remains a lack of an established selective genetic marker to allow
in vivo SGC access and functional manipulations (Afrasiabi et al. 2022).
2.1 SGC Morphology

The cell bodies of SGCs are described to be a comparable area to normal GCs, however,
distorted with a semilunar or half-moon shape (Williams et al. 2007; Save et al. 2019). The
dendrites of SGCs, like GCs, stretch peripherally into the ML of the DG (Figure 3A1) (Williams
et al. 2007). SGCs have been reliably observed to have a wider lateral spread of their primary
dendrites (PDs) than GC counterparts in both the mouse and rat species (Figure 3A1), however,
there is lack of consistency in the reported range of PDs for SGCs. While GCs generally have one
PD and less commonly, two (Gupta et al. 2019; Afrasiabi et al. 2022), SGCs have been described
to have between two and five PDs in mice (Save et al. 2019), three or more PDs in mice (Afrasiabi
et al. 2022) and in studies examining both GCs and SGCs, SGCs have been identified through
exhibiting a higher mean number of PDs than GCs in mice (Rovira-Esteban et al. 2020). SGC
primary axons, like GCs, stretch towards the hilus and onto CA3, however, SGCs generate

additional axon collaterals within the GCL and ML (Figure 3A, B, & C) (Williams et al. 2007).
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Because GCs exhibit variation during development, Gupta et al. (2019) examined the morphology
of biocytin-filled SGCs throughout stages of postnatal development in rats (Save et al. 2019).
Throughout developmental stages representing infancy, adolescence, and adulthood, SGCs were
reliably distinguished from GCs according to their larger soma width, larger dendritic angle, and
higher number of PDs (Gupta et al. 2019). Thus, differential comparisons of SGC and GC
morphology according to these parameters may be used to reliably distinguish between these cell
types.
2.2 SGC Gene Expression

Presently, there is little information available on the genetic profile of SGCs. SGCs express
the GC marker Prox1 in mice and in rats (Erwin et al. 2020; Gupta et al. 2012). SGCs of the mouse
DG have also been observed expressing a second GC marker Pcp4 (Erwin et al. 2020). The
expression of multiple GC markers indicates that these neurons likely arise from the same neural
progenitors as GCs, however, the bizarre electrophysiology found in the SGC population signifies
a distinctive split from the neurogenesis of normal GCs. Interestingly, activity-labeling of neurons
in the mouse DG during novel environment exploration was found to preferentially tag neurons
with morphology and electrophysiology indicative of SGCs, along with a minority (~20%) of
classical GCs (Erwin et al. 2020). Analysis of DG single-cell RNA sequencing datasets revealed
a discrete Penk-expressing population within a broader collection of GCs that co-labeled with
previously activity-labeled SGCs (Erwin et al. 2020). More studies are needed to determine the
specificity of the Penk gene for the SGC population (Afrasiabi et al. 2022). Of note, diverse novel
contexts exhibit preferential labeling of SGC-consistent neurons, suggesting SGCs may be

recruited at a higher frequency than normal GCs throughout various behaviors (Erwin et al. 2020).
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2.3 Developmental Origin of SGCs

Prior to the discovery of the novel traits displayed by SGCs, GCs were understood as a
uniform Prox1-expressing population (Yu et al. 2014). Although SGCs share Prox1 expression
with all normal GCs and likely arise from the same neural progenitors, several elements have
inferred that SGCs follow a defined split from the neurogenic pathway of normal GCs (Gupta et
al. 2019). Seizure-related pathologies have been known to cause migration of GCs, termed ectopic
GCs, away from their typical GCL organization (Scharfman et al. 2007). While ectopic GCs are
displaced from the GCL, their electrophysiology is consistent with normal GCs, as such, it is
unlikely that SGCs represent ectopic GCs owing to their distinctive electrophysiology (Williams
et al. 2007). As embryologically and adult-born GC neurons mature, they shift from exhibiting
high input resistance as immature neurons to exhibiting low input resistance as mature neurons
(Schmidt-Hieber et al. 2004). SGCs are reported with low input resistance in juvenile rats,
suggesting that the unique electrophysiology of SGCs is not related to temporal variation in GC
behavior occurring during development (Williams et al. 2007). In rodents, GC neurogenesis
primarily occurs postnatally (Xu et al. 2020; Save et al. 2019). Several studies have suggested that
SGCs arise prior to most GCs during early embryological development. By fate-mapping
glutamatergic neurons of the DG with a tamoxifen-inducible Cre mouse line, Save et al. (2019)
observed that 40% of GCs tagged on E12.5 belonged to the SGC sub-population. SGCs were also
tagged to a lesser extent on E14.5 and E16.5, with minimal postnatal expression. This data suggests
that SGCs are preferentially generated during embryonic development, prior to most normal GCs
(Save et al. 2019). In DG neurons tagged at developmental time points using electroporation, peak
labeling of neurons consistent with SGCs was also observed during early embryonic development

at E14.5 (Kerloch et al. 2020). The findings of the above studies support an embryonic origin for
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SGCs, separating SGCs from the majority of GCs developmentally, and provide evidence that if
adult neurogenesis is present in SGCs, it likely amounts to an insignificant portion of the limited
SGC population.
2.4 SGC Location

Although SGCs somas were initially characterized according to their presence at the
IML/GCL border, ongoing studies have suggested that the position of SGCs may be largely related
to the peripheral migration of GCs during neurogenesis (Williams et al. 2007; Erwin et al. 2020).
Because normal GCs are generated postnatally throughout adult life, early-born GCs migrate
further towards the peripheral GCL while late-born GCs can be found closer the hilar edge of the
GCL (Aguilar-Arredondo et al. 2015). Neurons consistent with the morphology and
electrophysiology of SGCs have been observed within the GCL, suggesting that the IML
orientation of some SGCs is not an exclusive feature of this population but rather, the embryonic
birthdate of this population allows it to reach peripheral regions of the DG during neurological
development (Erwin et al. 2020). The discovery of a genetic marker that is homogeneous
throughout the entire SGC population would allow for a comprehensive anatomical
characterization of this population in order to provide quantitative clarity on the limits of SGC
positioning.
2.5 SGC Electrophysiology

While the literature on morphologic and anatomical guidelines for defining SGCs contains
inconsistency, their electrophysiologic behavior is strikingly homogenous (Williams et al. 2007).
SGCs are similar to GCs in exhibiting a hyperpolarized resting membrane potential and in their
large amplitude action potentials (Williams et al. 2007). Although some electrophysiologic

parameters are comparable between SGCs and GCs, SGCs differ significantly from GCs in their
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input resistance and spike frequency adaptation (Williams et al. 2007; Gupta et al. 2012). Unlike
GCs, SGCs display low resistance to incoming signaling as well as slow adaptation to inputs
(Gupta et al. 2019). These intrinsic differences lead SGCs to fire persistently in response to
depolarizing signaling while normal GCs remain largely inactive (Figure 3D) (Williams et al.
2007; Larimer & Strowbridge, 2010).

The unique electrophysiologic capabilities of SGCs have been observed throughout
development in rats (Gupta et al. 2019). SGCs were found to have significantly higher spontaneous
inhibitory post-synaptic current (SIPSC) frequencies than age-matched GCs throughout all
developmental stages, with a pronounced increase during adolescence. SGCs also displayed a
larger amplitude of tonic GABA currents than GCs throughout development with a similar peak
at adolescence. Increased expression of extrasynaptic GABAAR 0 receptors are suspected to be the
source of increased SGC GABA currents during adolescence as described by Gupta and colleagues
(2012; 2019). The expression of GABAAR 6 receptors renders SGCs vulnerable to alcohol while
the heightened inhibition of SGCs during adolescence suggests that adolescent alcohol use may
uniquely impair SGC functioning.

Dysfunction of the DG IML is closely associated with temporal lobe epilepsy, Gupta and
colleagues (2012) created epileptic model rats through inducing a temporal lobe traumatic brain
injury (TBI) and investigated the electrophysiologic activity of SGCs during this seizure disorder.
In experimental epileptic rats with a TBI, synaptic and tonic GABA currents in SGCs were
decreased. Notably, 1 week after injury tonic GABA current amplitudes were significantly
increased in GCs while they were significantly decreased in SGCs. The postinjury reduction in

inhibition of SGCs may augment hyperexcitability in this population, suggesting SGCs could be a
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component of DG hyperexcitability observed in cases of temporal lobe epilepsy and autism
(Takarae & Sweeney, 2017; Gupta et al. 2012; Tamir et al., 2017; ).
2.6 SGCs & Hilar Barrages

The atypical electrophysiology of SGCs indicates that this population likely serves an
independent function from classical GCs in the DG. Perforant pathway signaling is traditionally
thought to activate GC dendrites in the ML, which activate hilar MCs that either excite GCs
directly or inhibit them through complex patterns of heterogeneous interneuron activation
(Scharfman, 2018). Although this pathway is well-known, studies of MC effects on GC behavior
yield conflicting results that lack a clear interpretation (Scharfman, 2016). In vitro stimulation of
the perforant pathway in rat hippocampal slice preparations was found to evoke a sustained
inhibitory DG response described as a hilar barrage (Larimer & Strowbridge, 2010). This hilar up-
state or barrage produced inhibition of DG GCs for a period exceeding ten seconds. This in vitro
model of DG perforant pathway signal processing suggests that this region dampens incoming
excitatory stimuli from the entorhinal cortex through a robust mechanism driving the firing of
inhibitory hilar neurons. Interestingly, stimulation of the perforant pathway was found to cause
hilar barrages in slices with CA3 or the entorhinal cortex removed. As such, the origin of this
persistent inhibitory activity in hilar neurons was confined within intrinsic DG circuitry.

In vitro perforant pathway-induced hilar barrages in rat hippocampal brain slices were
found to inhibit the majority (68%) of GCs while only 22% of SGCs were inhibited (Larimer &
Strowbridge, 2010). The GCs which were not inhibited during hilar excitation were mostly
unresponsive, with only 2/25 displaying weak depolarization. Perforant pathway-evoked hilar
barrages were silenced when SGC plateau potentials were abolished with nickel administration

and out of the five sources of excitatory input to hilar cells, SGCs were the only population required
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to cause a hilar barrage (Larimer & Strowbridge, 2010). The unique persistent firing of SGCs
observed by Williams et al. (2007) was reproduced through perforant pathway-evoked hilar
barrages and the duration of persistent firing in SGCs tightly corresponded to the length of hilar
barrages (Larimer & Strowbridge et al. 2010). Due to the intimate association between SGC
activity and hilar barrages seen in hippocampal slice experiments, it has been proposed that SGCs
are the initial source of the hilar up-state observed by Larimer & Strowbridge (2010) (Scharfman,
2018). In this mechanism, the entorhinal cortex projects perforant pathway inputs onto SGC
dendrites in the ML, causing the persistent firing of SGCs seen in vitro which in turn activates
hilar MCs and interneurons, inducing a hilar barrage which functionally dampens GC firing in
order to optimize DG output (Scharfman, 2016). Indeed, early 2-photon microscopy of the rat DG
revealed SGC axons to contact MC dendrites and later studies in mice have revealed SGC to make
synaptic contact with inhibitory DG interneurons within the GCL and hilus (Williams et al 2007;
Rovira-Esteban et al. 2020). The results of these studies suggest that further characterization of
SGCs within the DG circuit may provide clarity in light of ongoing confusion over the nature of
MC activity within the DG (Scharfman, 2016).

Parvalbumin (PV) positive interneurons are a heterogenous population of GABAergic
interneurons that are found throughout all three DG layers and contribute to the local inhibition of
its neuronal populations (Afrasiabi et al. 2022). While MCs, normal GCs, and other afferents were
not found to provide significant glutamatergic input onto these inhibitory PV interneurons,
biocytin-filled neurons consistent with SGCs have been observed making contact with PV
interneurons in the IML, GCL, and the hilus (Rovira-Esteban et al. 2020). The finding that SGCs
provide glutamatergic input onto PV interneurons of the DG while other notable DG populations

do not is evidence that SGCs possess executive control over the heightened interneuron activity
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that dampens GC firing. In corroboration with reports of SGCs exciting MCs, evidence of
glutamatergic input from SGCs onto PV interneurons throughout the DG place this newly
recognized sub-population of GC in a privileged position to alter the field’s understanding of DG

processing (Larimer & Strowbridge, 2010; Walker et al. 2010; Rovira-Esteban et al. 2020).
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Chapter 3: Methodology

3.1 SGC-specific Dual Transgenic Mouse Models

The central goal of these experiments was to characterize transgene expression in mice

towards identifying a strategy that will allow for the targeting of SGCs separately from normal

GCs within the DG. Previously, the lab of Michael Williams examined transgenic mice to identify

those with potential enrichment of transgenes in SGCs vs GCs.
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Figure 4. Flp/DOG AAV Mechanism

The Grm2 Cre mouse line constitutively expresses
Cre driven by a bacterial artificial chromosome (BAC) in
mature GCs, SGCs, and a small subset of CA cells.
Separately, the lab has made the observation that, within
the hippocampal formation, a Kit GFP (KG) transgenic
mouse line expresses GFP in CA3, CA2, and CAl and
SGCs, but not GCs (Figure 4). In KG, a BAC drives the
expression of GFP under control of the kit promoter and
other regulatory elements. We crossed KG hemizygous
mice with an Ai65 TdTomato Flp reporter mouse in order
to visualize future Cre-on Flp/DOG-infected neurons (The
Jackson Laboratory). Eight-week old adult offspring were
bred with adult Grm2 Cre hemizygous mice. These triple-

positive offspring generally express Cre and GFP only in

Biorender schematic of intersectional strategy showing transgene-designated populations, AAV design, AAV
recombination, and activation of Flp recombinase. Abbreviations: inverted terminal repeats (ITR), human
synapsin-1 (hSynl), woodchuck post-hepatitis response element (WPRE).
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the SGC population (Figure 4). Following this cross, we stereotaxically injected the left dentate
gyrus of 8-week-old offspring with a replication defective adeno-associated virus (AAV)
expressing, in a Cre-On fashion, GFP-dependent Flp (Flp/DOG) under isoflurane anesthesia
(Figure 4 & Figure 5) (Fricano-Kugler CJ et al., 2016). Thus, these animals express Flp
recombinase only in cells that have GFP as well as Cre (Figure 4) (Tang et al., 2016). All animals
were housed under standard conditions with ad libitum access to feed. Animals (Grm2/KG/Flp-
DOG/Ai65) were then euthanized at 9 weeks by intraperitoneal injections of tribromoethanol and
brains were fixed by transcardial perfusion one week after the last injection with a pH 7.4
phosphate-buffered saline containing 4% sucrose, followed by a 4% paraformaldehyde based
fixative in the same solution. Brains were carefully dissected, postfixed overnight, and then
sectioned in the coronal plane at 100 microns for microscopic evaluation. Animal care protocols

and procedures were reviewed and approved by a Michigan State University IACUC.
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Figure 5. Enhancer Trap Strategy & Intersectional Strategy
Schematic created using BioRender showing enhancer trap strategy (left) and intersectional strategy (right).

3.2 Single Transgene Inducible Cre Model

In addition to our strategy of genetically accessing SGCs independently from GCs via the
differential co-expression of two transgenes, we have also performed a limited characterization of
the expression of a hemizygous tamoxifen-inducible Cre lineage, ET (Enhancer Trap) Cre ERT2
25422 (Brain Atlas). Upon observing a gross anatomical characterization of Cre expression by the
Allen Brain Atlas, these ET Cre mice were found to express Cre specifically in cells located at the
border between the GCL and IML where SGCs were initially described. Whole genome
sequencing performed by the lab of Michael Williams revealed the presence of the enhancer trap
sequence at only one location within the mouse genome. In ET Cre mice, Cre is found in the

cytoplasm bound to an estrogen receptor (ER) and a heat shock protein (HSP). When tamoxifen is
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administered, it binds the ER and causes the dissociation of the HSP from the complex, activating
Cre by allowing it to enter the nucleus and interact with LoxP-flanked sites.

If the ET Cre ERT2 25422 lineage is found to designate SGCs independently from GCs
with high specificity, this population would represent an attractive, simple strategy for SGC
genetic access. Further, ET Cre mice enable variation in induction schemes as well as temporal
control, allowing opportunity for additional developmental studies on SGCs. Ai9 TdTomato Cre
reporter mice were crossed to the ET Cre line in order to fluorescently label cells expressing Cre
(Figure 5). Offspring were then genotyped and those expressing Cre and TdTomato transcripts in
a homozygous or heterozygous fashion were given intraperitoneal injections of 10 mg of tamoxifen
per mL of a 95% corn oil 5% ethanol solution at 100 microliters every other day 3 times. Perfusion
was performed 1-3 weeks after the final tamoxifen injection, using the same procedure as with the
intersectional strategy mice (Fricano-Kugler CJ et al., 2016).

3.3 Sectioning and Microscopy

Brain slices were generated with a Leica Vibratome using a section thickness between 50
and 100 microns. Brain slices, in some cases, were stained with DAPI to label nuclei and cover
slipped with a fade resistant mountant, such as Prolong Gold. Images were generated on a Zeiss
LSM800 Laser Scanning Confocal Microscope; DAPI fluorescence was stimulated with a
405nm laser, GFP with a 488nm laser, and TdTomato with a 561nm laser. Fluorescence was
collected using a 20x air objective lens onto a GaAsP detector, 2x frame averaging was used in
order to reduce image noise.
3.4 Intersectional Strategy Analysis

Using Image] software, the somas of RFP+ neurons were traced using the polygon tool in

order to obtain a circularity index (CI), RFP intensity, and soma ROIs were displaced to the slice
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background, local to each ROI, in order to generate a background subtracted RFP intensity for
each RFP+ neuron (Figure 6D). In order to determine Flp/DOG efficiency, all GFP+ cells in each
image stack were marked as ROIs using the ImageJ multi-point tool. RFP+ soma ROIs were
analyzed for the co-expression of GFP (Figure 6E) to justify the efficiency of our AAV, the
proportion of all GFP+ somas that were both RFP+ and GFP+. Further, each RFP+ cell was
examined qualitatively for a PD count and all RFP+ cells with complete dendrites were analyzed
using the line tool to measure dendritic arborization (Figure 6F). In cells with one PD, a line ROI
was extended 50 microns from the initial dendritic bifurcation point of the PD and a perpendicular
line was placed between each lateralmost dendrite and measured in microns to determine dendritic
span. In cells with more than one PD, a line was extended 50 microns from the center of the RFP+
soma and a perpendicular line ROI was suspended between each lateralmost dendrite for
measurement (Figure 6F). Span ROIs were labeled according to the respective ROI number from
previously generated RFP soma ROIs in order to associate dendritic span with other
measurements. Finally, the GFP intensity of each RFP+ cell was measured in the green channel
using the corresponding RFP soma ROI, as well as local GFP background intensity to obtain a

background subtracted GFP intensity for each RFP+ cell (Figure 6E).
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Figure 6. Description of Morphological Measurements

A RFP expression of intersectional strategy soma. B GFP expression of same intersectional strategy soma. C
Composite overlay of RFP and GFP channels. D Soma ROI and background displaced soma ROI (RFP). E Same
ROI as with D measured in GFP channel. F demonstration of span measurements. All images are a local max

projection of z-slices containing ROI morphology. Scale bar = 50 microns.

3.5 Enhancer Trap Analysis

As with our intersectional strategy, RFP+ neurons from our ET Cre ERT2X6/Ai9 were
traced using the Image] polygon tool yielding area, CI (47 area/perimeter?), and intensity.
RFP+ soma tracings were displaced to the local background in order to generate a background
subtracted intensity for RFP+ neurons. RFP+ somas were qualitatively examined by an observer
for PDs and totals were added to corresponding ROI data tables; neurons with unclear dendrites

(n =10) were not included in the dataset.
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3.6 Statistical Analysis

Statistical analysis was performed to identify variation within our intersectional strategy
population. Intersectional strategy somas were grouped by exhibiting one PD or greater than one
PD and separately, analyzed as distinct RFP only and RFP/GFP expressing populations. Various
two-sample t-tests were performed using Welch’s correction in order to identify significant

differences between various study parameters.
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Chapter 4: Results

4.1 Primary Dendrites

Qualitatively, an observer performed manual analysis of confocal z-stacks to count the
number of PDs of designated neurons (Figure 7B). Out of the 708 intersectional strategy RFP+
neurons, 67 lacked sufficient dendritic resolution and were omitted from the analysis. 641 neurons
were analyzed for PDs (Figure 6F). Among this population, 207 neurons were found with 1 PD
and 434 neurons were observed with greater than 1 PD (Figure 7D), 68% of the population. In our
enhancer trap strategy, ten neurons lacked sufficient dendritic resolution and were omitted from
the analysis. Out of 114 neurons analyzed for PDs in the enhancer trap strategy, 23 were found
with one PD and 91 were observed with greater than 1 PD, 80% of the population. Using an two-
sample t-test with Welch’s correction, a significant difference in the number of primary dendrites
was determined between somas labeled as RFP+ (r = 203, meanpp = 1.71, SD = .82) and
RFP+/GFP+ (n =439, meanpp = 2.05, SD = .78) with a p-value < 0.0001 (Figure 9B).

4.2 Dendritic Span

110 RFP+ cells from our intersectional strategy with complete dendritic arbors were
identified and analyzed for dendritic span (Figure 6F). In cells with one PD, the average span was
found at 54.8 microns. RFP+ cells with more than one PD yielded an average span of 85.0 microns,
64.5% greater than in RFP+ cells with one PD (Figure 7E). A two-sample t-test was performed on
the spans of neurons with 1 PD and > 1 PD demonstrating a statistically significant increased span
in neurons with >1 PD (n = 88, meanspan = 84 microns, SD = 28) when compared to 1 PD neurons
(n = 22, meangpan = 55 microns, SD = 16) (Figure 7E). However, there was no statistically
significant difference in span between RFP+ only (n = 24, meanspan = 73 microns, SD = 30) and
RFP+/GFP+ (n = 86, meanspan = 80 microns, SD = 28) populations, with a p-value > 0.05 (Figure
9C).
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4.3 Specificity

Specificity was measured as the proportion of all GFP expressing cells that were infected
with our Flp/DOG virus (Figure 7C). Cells were qualitatively recorded by an observer as being
GFP+, RFP+, or both GFP+ and RFP+ (GFP+/RFP+) and this data was quantitatively supported
through the measured soma intensities of corresponding neurons from red and green channels
(Figure 6D & E; Figure 9A). An unpaired t-test with Welch’s correction was performed to validate
a significant difference in GFP expression between populations labeled as RFP+ only (n = 253)
and RFP+/GFP+ (n =456). The mean GFP intensity from RFP+ only neurons was 54 and the mean
GFP intensity from RFP+/GFP+ neurons was 725 with a difference between means of 671 and a
standard deviation of 38.4 with p <0.0001. Specificity ranged from 64.9% to 11.3%, with a mean
of 32% across all three animals. Cases of GFP independent Flp/DOG activity were observed (i.e.
RFP+ cell without observable GFP presence). Out of 709 intersectional strategy neurons analyzed
for RFP and GFP expression, 35.9% were found to be RFP+ only.

4.4 Somas

In order to promote consistency with other morphological characterizations of SGCs, RFP+
somas were analyzed according to their area and CI through soma tracing of RPF somas with the
ImagelJ polygon tool (Figure 6D & E). RFP+ intersectional strategy somas were found to have a
mean CI of .88 and an area of 105 cubic microns. Enhancer trap somas were found to have a mean
CI of .88 and an area of 85.97 cubic microns. Enhancer trap somas varied in their CI between a
maximum of .97 and minimum of .73, intersectional strategy somas varied in their CI between .98

and .64.
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Figure 7. Intersectional Strategy Summary

A GFP expression from Kit eGFP mouse, note lack of RFP in CA populations. B RFP expression via our Cre-on
Flp/DOG. C composite overlay of GFP and RFP channels (scale bar = 100 microns). D Demonstration of dendritic
variation from intersectional strategy neurons (scale bar = 100 microns). E Two-sample t-tests of intensity and span
results grouped by PD count. A, B, & C max projection of all z-slices for visualization of expression. D local max
projection of ROI-containing z-slices.
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A Enhancer Trap recombination mechanism. B Mid-density (ideal) expression from ET promotor. C Low
density expression. D High density expression. Scale bars = 100 microns.
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Figure 9. Intersectional Strategy Statistical Analysis

A Representation of GFP intensity among neurons qualitatively designated as RFP+ or RFP+/GFP+. B Representation
of statistically significant variation in primary dendrites between RFP+ & RFP+/GFP+ populations. C Chart showing
no statistical difference in span between RFP+ & RFP+/GFP+ populations.
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Chapter 5: Discussion & Conclusion

The aberrant electrophysiologic behavior of SGCs clearly distinguishes them from normal
GCs, however, performing measurements on individual neurons is time intensive and is not
associated with an ability to manipulate these populations at large scale or in vivo. Here, we
interpret the results of two strategies for transgenic SGC access in terms of the available body of
literature on SGCs.
5.1 Dendritic Structure

Through the analysis of 822 manually traced putative SGC somas, 20% of ET somas and
32% of intersectional strategy somas had only one PD (Figure 7E). These results may signify the
presence of normal GCs within our study populations, however, they also raise the possibility that
SGCs display heterogeneous numbers of PDs. For example, the SGC population may sprout
additional dendrites through the course of development in order to establish contact with new
adult-born GCs or, perhaps there is an extrinsic regulation which encourages SGC PD
proliferation. Outside of PDs, studies point towards SGCs possessing a characteristically wider
dendritic arborization than GCs (Gupta et al. 2012). Neurons from our intersectional strategy with
greater than one PD had 65% wider spans than neurons with only one PD (Figure 7E). As such,
our intersectional strategy may also have selected a portion of GCs. There was no statistical
difference in span between RFP+ only neurons and RFP+/GFP+ neurons (Figure 9C). Because
morphology was not a qualifying factor for inclusion into our study population our genetic
strategies are well-situated to engage with potential morphological heterogeneity in the SGC
population. The available literature lacks consensus on a rigid range of PDs for SGCs and our

results raise the possibility that SGCs display heterogenous numbers of PDs, including one.

37



5.2 Neurogenesis and Migration

The progressive neurogenesis of GCs throughout adulthood makes the DG a novel region,
however, quantitative evidence of whether or not SGCs undergo this process is lacking. SGC
production has been observed to peak at E14.5 in mice, however, no studies have been performed
determining the extent of potential SGC production through adulthood (Kerloch et al. 2019; Save
et al. 2018). While background staining allows for low resolution visualization of the anatomical
layers of the DG, our team did not perform measurements of SGC positioning. Neurons with SGC-
consistent morphology were qualitatively observed in high density around the IML/GCL border
with expression to a lesser extent within the GCL in both strategies (Figure 7C & Figure 8 B &C).
Our findings of putative SGCs in the GCL is in agreement with the recent proposition that SGCs
are not entirely restricted to the IML (Gupta et al. 2019; Erwin et al. 2020). If SGCs migrate in a
similar fashion to GCs, cases of SGC expression within the GCL could represent part of the
insignificant collection of postnatal SGCs. In this description, SGCs typically migrate more
peripherally than traditional GCs, closer to the GCL/IML border, as a result of their early birth
date rather than due to intrinsic cellular programming. Studies are needed to precisely define the
anatomical borders of SGC positioning.
5.3 Induction Patterns

Variation in efficiency and specificity were observed throughout our intersectional strategy
sections. Induction schemes may be adjusted to accommodate methods, for example, high-titer
Flp/DOG yields high-intensity overlapping expression and is poorly suited for precise
morphological measurements on individual cells. Studies on the behavioral effects of SGC
silencing may optimize induction schemes for SGC selectivity in order to minimize variables from

silencing additional populations. Reducing Flp/DOG titers may also reduce the likelihood of GFP-
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independent Flp/DOG activity, as was seen in our intersectional strategy. Tang et al. (2015)
described a similar phenomena with their CRE-DOG?T, a GFP-dependent Cre recombinase.
Cases of Cre activity without observable GFP were suspected to be a result of GFP fluorescence
below the visualization threshold but sufficient to induce DOG activity, which requires minimal
levels of GFP. As such, neurons that were RFP+ only may have exhibited temporal variation in
their intensity or pattern of GFP expression, leading to Flp/DOG activity with GFP levels unable
to be visualized. There was no statistically significant difference in dendritic span measurements
between the RFP+ only and RFP+/GFP+ populations, suggesting that the RFP+ only neurons also
display the wide arborization described in SGCs (Figure 9C).

The ET Cre line is attractive due to its designation of the SGC population with a single
promoter and furthermore allowing temporal control over Cre expression. There is ample room
within the ET strategy for induction scheme variation, however, throughout experimental
induction scheme manipulation expression patterns were unpredictable. In cases of optimized
labeling, the ET transcript appears to label the SGC population with high specificity (Figure 8B).
however, our team was unable to determine an induction scheme yielding consistent expression
(Figure 8B, C, & D). Due to animal handling during IP injections, it is possible that a stress
response element or other exogenous factor may drive the enhancer trap promoter without Cre
recombinase activity, resulting in broad expression extending outside the DG (Figure 8D). Future
investigation into the mechanism of this particular ET transcript may produce reliable SGC
specificity (Figure 8B).

5.4 Conclusion
Our manual analysis of 832 neurons has suggested that the SGC population may be more

diverse in structure and position than was initially proposed. Presently, establishing quantitative
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limits on SGC heterogeneity is necessary in order to accurately characterize this novel DG GC
subpopulation. Although SGCs seem to consistently display a higher average number PDs than
GCs with wider arborizations, it remains to be determined how many or how few PDs SGCs may
possess as a population. SGCs may also be more dispersed throughout the DG than their original
characterization at the IML/GCL border, possibly reflecting a preferential neurogenesis during
early embryonic development with limited postnatal neurogenesis. Electrophysiologic recordings
can clearly differentiate SGCs from GCs, however, a specific genetic marker is needed to explore
the structural functional relationship of the extraordinary SGC population to DG circuitry in vivo.
Future studies may benefit from our morphologically justified methods for transgenic SGC access

in terms of silencing or manipulating this population through the use of these strategies.
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