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1. Abstract

ASD is a prevalent neuropsychiatric disorder without a solid understanding of the
relationship between genetic influence to morphology and behavior. One gene mutation
associated with some cases is PTEN. When mutated in neurons, overgrowth and
hyperexcitability occur. In the animal model of PTEN Ko in the dentate gyrus, this can lead to
spatial deficits, specifically by altering the biophysics of granule cells. It is hypothesized social
and spatial deficits in ASD are caused by alterations to cell growth and resulting shifts in
biophysics which can lead to disorganized hippocampal circuit function. In this study, we knock
out PTEN out while also implanting DREADD:s in a fraction of dentate gyrus granule cells in
mice. We then test spatial accuracy and cognition through behavior, and hippocampal circuit
function through electrophysiological recording. This is carried out before and after activating
DREADD:s, selectively silencing PTEN Ko neurons. We hypothesize that PTEN Ko mice will
show deficits on spatial tasks, and that silencing Ko cells should attenuate cognitive deficits and
normalize electrophysiological measures resulting from hyperexcitable PTEN Ko cells. Here, we
show that PTEN Ko mice demonstrate learning and memory deficits learning a spatial accuracy
task. DREADDs activation increased task performance during some rotated trials with hidden
cues for PTEN Ko but not Control mice. Electrophysiological analysis revealed that compared to
controls, theta and gamma amplitude were reduced in PTEN ko mice. In line with our hypothesis
and changes to granule cell physiology, we found significant increases to the density of inputs
localized to the second molecular layer of dentate gyrus. In a subset of animals (3/8), the
increased theta scale input density coincided with focal zones for the generation of IEDs, enough
that CSD analysis of the bottom blade could predict the presence of IEDs. DREADDs activation
decreased IED rate by half or more in these animals and reduced the density of inputs in the
second blade of DG. IHC data indicates that 3-4 Ko mice had Ko granule cells migrate outside of
the cell layer, forming heterotopias, and that the presence of heterotopias was highly correlated
with [EDs. This finding suggests structural abnormalities are a feature of this model and may be
a significant source of hyperstability, increasing clinical translational relevance to the PTEN Ko

model.



1I. Introduction

a. ASD

Autism Spectrum Disorder (ASD) is a varied and complex neurodevelopmental disorder
that affects behavior and social interaction. It is clinically defined by restricted and repetitive
behaviors, in addition to social deficits (DSM-5). ASD is often diagnosed around 2 years of age,
although only because social and behavioral deficits become obvious at this point (Lord et al.,
2000, NIMH). While ASD has a worldwide prevalence of 1 percent, it has higher rates of
diagnosis in more developed countries. It is not clear whether this increase in rate is caused by an
increase in diagnosis or if the condition truly develops more often. The manifestation of the
disorder can be widely variable, with mild to severe cognitive impairment, sensory processing
issues, social communication and a wide range of psychiatric co-occurrences being common.

(Lord et al., 2020).

b. Varied Genes

ASD is referred to as a spectrum disorder because of the varied behavioral phenotypes
presented by diagnosed individuals, but also due to the varied and often unclear genetic and
environmental influences which serve as causal factors (Srivastava and Schwartz, 2014). Based
on current research, the heritability of ASD is approximately 90% (Sandin et al., 2017). While
this finding helps to rule out shared and non-shared environmental influences, determining exact
genetic influence has proven to be difficult. While some headway has been made in elucidating
specific genes and their relation to cognition and behavior, the steps between gene and
morphology, cell structure and circuit level function, and cognition and behavior are far more

complex and less understood. Studying the genetic and morphological underpinnings of



cognitive deficits in ASD can provide an excellent opportunity to further categorize the

physiological underpinnings of human cognition.
c¢. PTEN relation to ASD

To attempt to isolate genetic factors underlying ASD, the candidate gene approach has
been used to identify specific genetic mutations with a high correlation to the development of the
disorder. One specific gene mutation found is to the PTEN gene, or phosphatase and tensin
homolog, a gene found on chromosome 10 which serves to regulate cell growth. PTEN
mutations are seen in 20-28% of individuals diagnosed with ASD who also display
macrocephaly, or a generalized brain overgrowth (Busch et al., 2019, Hobert et al., 2014). This is
a common co-diagnosis seen with ASD. Taking a reverse approach, individuals with PTEN
mutation show a pooled prevalence of ASD characteristics of 25% (Cummings et al., 2022). This
suggests that 25% of individuals with systemic PTEN mutations meet criteria for the diagnosis of
ASD. Another clinical case study found that of 114 individuals diagnosed with ASD or
developmental delay/mental retardation, 11 individuals had specific PTEN mutations (Varga et
al., 2009). Dhawan et al. (2024) demonstrate that PTEN mutations have a known connection
with epilepsy as well, where 51% individuals with PTEN hamartoma tumor syndrome (PHTS)
are diagnosed with ASD and 15% with epilepsy. In a meta-analysis looking at genome
sequencing of over 20,000 children with ASD, PTEN was the 6™ most common genetic cause for
the diagnosis, with most mutation occurring via a missense mutation of grater that 2 base pairs,

and a smaller number of resulting protein truncating variants (Fu et al., 2022).



d. Human condition

Individuals with germline PTEN mutations may demonstrate autistic traits and mild to
severe cognitive deficits, but also are subject to other features of cell growth dysregulation.
Macrocephaly, or a generalized CNS overgrowth, is often seen in those with mTOR related
pathologies. Furthermore, Cowden Disease, alongside a number of cancer related pathologies are

seen in many mTOR related genetic disorders (Butler et al., 2005).

It is important to establish the differences between germ line and cell line mutation of the
PTEN gene. Germ line mutations occur on the sperm or egg cell which converge and divide into
all cells of the body, often leading to a systemic heterozygous mutation. This is the mechanism
by which most PTEN mutations affecting cognition occur, such as those related to ASD. Germ
line PTEN mutations are also responsible for PTEN Hamartoma Tumor Syndrome and Cowden
Disease, which predisposes individuals to multiple types of cancer (Leslie and Longy, 2016).
Alternatively, cell line mutations occur on a single cell in the already developed body, and only
affect the cells which further proliferate from the mutated cell (Miles et al., 2023). In this
context, PTEN (and other growth factor signaling regulators) are studied as a tumor suppressor

gene which when lost locally can cause tumors.

e. ASD and Epilepsy

ASD and epilepsy have a reciprocal relationship that has received more attention in
recent years. Both disorders can result from an imbalance of inhibition and excitation, through
overlapping of convergent cellular mechanisms (Sierra-Arregui et al., 2020; Frye et al., 2016).
The disorders frequently coexist in individuals, likely due to their high heritability and

interrelated neurobiological mechanisms (Bozzi et al., 2017).



Interestingly, individuals with refractile epilepsy, which is among the most difficult to
treat, often suffer from cortical dysplasia where cells in the cortex migrate to abnormal cortical
layers (White et al., 2020). This effect is also seen in somatic mTOR-related mutations, but less
often in the germline condition (Lim et al., 2015). This relates to mouse models of PTEN loss, as
systemic knockouts (which equate to a human germline mutation) are not always used, with
some researchers preferring a local knockout which most closely resembles somatic mutations.
In the latter mouse models, dysplasia and epilepsy are common (Backman et al., 2001, Pun et al.,
2012). However, epilepsy and related pathologies are still seen in germ-line mTOR mutations in

humans, with and without a dysplastic component.

f. Rodent Models

It is important to note that while discovering how PTEN mutations in animal models can
affect morphology and behavior can help gain insights into the underlying genetic causes of
ASD, no animal model can provide a complete view into the complexities of ASD. PTEN Ko in
mice is not a complete model of the disorder and initial research is most relevant to the
subsection of the population with specific PTEN loss. Because of this, making direct connections
between phenotypic changes following PTEN loss in animals and ASD as a human disorder
should be limited. However, animal models may serve as a platform for addressing specific

hypothesis about the mechanisms underlying neuropathology in humans (Gordon, 2019)

g. mTOR/PTEN signaling

The phosphatase and tensin homolog (PTEN) gene, found on chromosome 10, codes for

a dual specificity protein and lipid phosphatase which regulates the mammalian target of



rapamycin (mTOR) pathway by counteracting the activity of phosphoinositide 3-kinase (PI3K)

(Tariq and Luikart, 2021).
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(Figure 1) mTOR
signaling through
complex 2 is
regulated via PTEN,
which in turn inhibits
TSC1/2 allowing for
mTORc] to induce
cell growth. (Image
from Tariq et al.,
2022).

Healthy cell signaling involves growth factors binding to receptor tyrosine kinases

(RTKSs), which can readily activate several intracellular signaling cascades. When RTKs are

bound, receptors dimerize and through a conformational change, expose a kinase which can

transfer a phosphatase to another protein to activate an intracellular signaling cascade (Du and
Lovly, 2018). One of these kinases is PI3K, which phosphorylates phosphatidylinositol (4,5)-
bisphosphate (PIP») into phosphatidylinositol (3,4,5)-triphosphate (PIP3). This phosphorylation
event activates the AKT/mTOR pathway, which causes increased lipid and protein synthesis and
mobilizes cell growth (Laplante and Sabatini, 2009). This pathway also has effects on

angiogenesis, cell proliferation, metabolism and survival (Karar and Maity, 2011). Specifically,



PIP3 activates the mTOR complex 2 (mTORC?2), which in turn activates protein kinase B
(PKB/AKT). There may be reciprocal activation of mTORC2 by PKB, forming a positive
feedback loop. Complex 2 has direct effects on cytoskeletal regulation independent of
downstream complex 1 signaling (Angliker and Ruegg, 2013). In addition, PKB/AKT causes the
disinhibition of mTOR complex 1 (mTORCI1) through its inhibition on TSC. Complex 1 has
phosphorylation targets which directly alter gene transcription and cause cell growth (Laplante
and Sabatini, 2009). PI3K also has direct, PIP3-independant effects on PKB/AKT, allowing for

more direct activation of complex 1 (Tariq et al., 2022).

PTEN counteracts mTOR signaling by dephosphorylating PIP3 to PIP> and stopping
signaling downstream signaling. When PTEN is lost through mutation or experimental gene
editing, signaling through complex 2 of the mTOR path becomes largely unregulated, leading to

abnormal cell growth and development.

h. PTEN in neurons

When PTEN Ko and cell overgrowth occur in neurons, it results in a phenotype of
hyperexcitability. Cells with PTEN loss show generalized overgrowth and increased soma size,
dendritic arborization, migration and spine density (Getz et al., 2022). The process of

dentritogenesis results from the precise regulation of gene transcription, and the following
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(Figure 2) Shows the increased growth of PTEN Ko cells. (A) Shows tdD stained PTEN Ko cells
making up 30% of the granule cell layer. (B) Shows increased dendritic protrusions and a larger soma
size occurring in a PTEN Ko granule cell. (C) Indicates a larger number of dendritic protrusions and
spines sprouting from the dendrites of PTEN Ko granule cells. (Figures from Williams et al., 2015)




translation and mobilization of cytoskeletal network. Due to the mTOR pathways effects on
these processes, any alterations to regulatory proteins in this pathway can have meaningful

results on cell morphology and dendritic
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(Figure 3) PTEN Ko neurons fire action potential more
provides the needed current. The overall often and with a smaller refractory period, as well as

showing a higher burst probability. (Williams et al.,
phenotype causes PTEN Ko cells to fire action 2015, Luikart Lab unpublished)

potentials more often. Furthermore, PTEN Ko neurons are more likely to fire more than one
action potential in a “burst”, defined as multiple action potentials within 20ms. Because
cognition is underscored by the connections and communication between neurons, any alteration
of their firing pattern can have significant consequences. It is proposed that cognitive deficits in
neurodevelopmental disorders such as ASD stem from this dysregulated cell signaling, which

can be influenced by many genetic factors.

i. Patch Electrophysiology

To study precisely how PTEN loss can alter cell morphology, neurons are taken from

sacrificed PTEN ko or control mice and patched onto, allowing for whole cell



electrophysiological recordings. Here, morphological changes can be easily assessed with
microscopy and cell biophysics determine using patch-clamp electrophysiology. In a 2011 paper
by Luikart et al., specific biophysical properties of PTEN ko neurons were shown using ex-vivo
acute slices from PTEN knockout mice. Looking at DG granule neurons, it was shown that
miniature (which occur independently of action potentials) and spontaneous ESPC’s (which
occur independently and following action potentials) were increased in PTEN ko neurons. This
was in contrast to [IPSC events, which remained near WT levels. In addition to morphological
changes such as increased soma size, dendritic spine density, and arborization, as well as
biophysical properties such as increased capacitance and decreased input resistance, these

findings display yet another mechanism by which PTEN Ko biases neurons to be hyperexcitable.

j- In-vivo models

While ex-vivo analysis and patch physiology can provide excelled control for
experiments, it leaves out the complex bio-signaling, neurovascular coupling and network level
neurocircuitry that create cognition. To more accurately model how PTEN loss can affect
behavior and neural communication at the circuit level, model mice nervous systems are studied
in-vivo for their ease of genetic editing, relatively short lifespan and easy husbandry. While a
systemic heterozygous mutation may more accurately reflect the human condition of PTEN
mutation, it creates difficulties in understanding the molecular mechanisms underlying network
dysfunction because the effect size is much smaller and creates difficulties in determining the
exact causal factors in network level dysregulation. To mitigate this, PTEN can be knocked out
in a local, homozygous fashion to observe how its loss affects a single circuit. Here, it is useful
to use a well modeled neurocircuit such as that of the hippocampus. The hippocampus has a

well-defined role in spatial navigation and the neurocircuitry underlying this navigation is



relatively well understood (Burgess and O’Keefe, 1996). The 2014 Nobel Prize was given out for
the discovery of place cells, describing the relationship between cell activity and spatial
navigation. This provides an excellent paradigm for studying the consequences of changing the
firing patterns of hippocampal cells and their effect on navigation. Furthermore, behavioral tasks
in rodents testing spatial navigation are well established and have good validity (Morellini,
2013). Interestingly, spatial deficits have been shown to be prevalent in those with ASD (Lind et
al., 2014), although do not represent the complete extent of cognitive deficits involved with the
disorder. This does, however, suggest that genetic influences in a human condition may be

similar to those in rodent models.

Experimental approaches to regulate cell growth following PTEN loss include small-
molecule drugs and further genetic knockout (DKO). Tariq et al. (2022) used rapamycin, a
pharmacological inhibitor of the mTORC]1 pathway to rescue abnormal cell growth in PTEN ko
mouse granule cells. Mice received viral injections to knockout PTEN in dentate gyrus granule
neurons at P7, which also received rapamycin injections daily from P10-31. Rapamycin is
thought to selectively inhibit mMTORC1 (Getz et al., 2016), thereby regulating protein and lipid
synthesis but not cytoskeletal regulation via mTORC2. By selectively inhibiting mTORCI, it
was shown that PTEN loss-induced hypertrophy and synapse formation is dependent on the C1
pathway. Soma size, migration, and spine density were returned to WT levels following PTEN

ko and rapamycin delivery in-vivo.

In the same 2022 study, knockout of Raptor was also used to confirm the effects of
rapamycin on mTORc1. Raptor is a protein involved in complex 1 of the mTOR pathway, and
such its knockout should negate the function of mTORCI. It was shown that knockout of Raptor

returned soma size, migration and spine density to WT levels in PTEN ko neurons, confirming



the effects of mMTORCI1 on cell overgrowth. In addition to morphology, it was shown that DKO

rescued input resistance and capacitance of neurons.

In another 2022 study by Getz et al., PTEN was again knocked out in granule cells of the
mouse dentate gyrus. As previously, PTEN ko neurons sprouted more dendrites than controls,
with increased arborization and spine density. This study, however, focused on how mTOR
dysregulation can increase microtubule (MT) polymerization in dendritic growth cones, a
potential mechanism for overgrowth. Using vinblastine, a drug which significantly reduces
microtubule polymerization, dendritic growth was returned to WT levels both in-vivo and in-
vitro. Furthermore, vinblastine administration was able to rescue performance on a spatial
accuracy task. Because MT growth and assembly is thought to be regulated through complex 1
of the mTOR pathway, this study in addition to the previous study discussed suggests that many,

but not all phenotypic results of PTEN loss occur through this pathway.

To investigate the role of complex 2 of the mTOR pathway, Cullen et al. (2023) knocked
out PTEN in addition to Rictor in mice, a necessary component of the mTORC?2 pathway. Here,
the double knock out was able to rescue most of the increased dendritic growth seen in PTEN ko
neurons, but not synaptic dysfunction or ictal pathologies. These studies, taken together,
demonstrate that while mTORCI plays the major role in cell pathology following PTEN loss, it
is not the only factor and complex 2 also plays a role. It is important to consider the massive
complexity of intracellular signaling pathways, and remember that images and statements about
it are massive oversimplification of the mechanisms underlying cell growth. Because PTEN is
upstream of both complexes, alterations to its expression will affect cell growth and morphology

primarily through the action of mMTOR complex 1 and 2. It is unknown to what degree mTORC2



exerts effects independently of mTORCI or by augmenting the function of mTORCI1 via AKT

phosphorylation.
k. Introduction to the PTEN Ko Model

In the interest of keeping the specific effects of the knockout as controlled and specific as
possible, the model used in this study revolves around the knockout of PTEN in a fraction (10-
30%) of dentate gyrus granule neurons, a subsection of hippocampal cells which regulate cortical
information entering the hippocampus (Krueppel et al., 2011). Because these neurons have a
potential role in the simultaneous processing of spatial navigation and the identification of
objects (Fernandez et al., 2021), behavioral tasks can be designed to require the synthesis of

these two streams of information. y
1. Hippocampus

The hippocampus is a laminar structure
in the posterior aspect of the medial temporal
lobe, which sits medial to the inferior horn of
the lateral ventricle. It has a well-defined role
in spatial navigation and reasoning, as well as

being critical for the encoding and retrieval of

episodic memory (Squire, 2009; O’Keefe : . o
(Figure 4) A drawn image by Ramon y Cajal following Golgi
1998). The hippocampus proper contains staining of the rodent hippocampus in the coronal view. (Santiago
Ramon y Cajal)

cornu ammonis (CA) regions 1-3, while the

dentate gyrus and CA regions form the hippocampal formation (figure 4).



Information enters the hippocampus from the entorhinal cortex, and either synapses onto
granule neurons in the dentate gyrus (indirect path), before passing onto CA3 and CA1
(perforant path or tri-synaptic circuit), or directly onto CA1 pyramidal neurons via stratum
laconicum molecular (SLM). Information exits the hippocampus via the subiculum and projects

back to layer 5 of the cortex (Witter and Moser, 2006).

Granule neurons of the dentate gyrus regulate neocortical and sensory information
entering the hippocampus by firing sparsely (Diamantaki et al., 2016). Cortical information
enters the hippocampus from the entorhinal cortex (EC), and synapses onto one of two layers
formed by the dendrites of granule neurons. The granule cell layer contains mostly granule
neuron somas, while 3 (inner, middle and outer) layers of dendrites project apically away from
the granule cell layer. Object information passes from the LEC onto the OML of the DG via slow
gamma frequencies, and spatial information passes from the MEC onto the MML of the DG via

medium gamma (Fernandez et al., 2021).



The MEC is innervated by dorsal cortical structures and conveys spatial information. It
contains border cells, grid cells and head direction cells, all of which relate to an organisms
ability to self-localize in space (Rowland et al., 2016). Grid cells, as the name suggests, form a
2D grid representing space. Head direction cells fire in relation to what direction an organism’s
head is pointing, and border cells fire in relation to the end of a spatial location (such as a wall).
The LEC, which receives input from ventral cortical structures relating to object information,
also synapses onto granule neurons (Deshmukh and Knierim 2011). Lesions to the LEC create

functional deficits in spatial navigation relating to known objects (Fernandez et al., 2021).

Healthy Circuit Dysregulated Circuit
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(Object) - (Object)
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(Figure 5) In a healthy dentate gyrus, the LEC conveys object data to the OML via slow gamma frequencies (30-50hz)
while the MEC conveys spatial information via medium gamma frequencies (70-90hz). Because the compartmentalization
of these inputs is based in specific dendritic layers, the overgrowth of dendrites in PTEN KO neurons has the potential to
disrupt this process and alter information entering the granule cell layer. (Image created with biorender.com)

Granule neurons serve as the proposed integration site for the separate streams of

information entering the hippocampus. While both the LEC and MEC synapse directly onto




pyramidal cells in cornu ammonis regions, they do not synapse onto the same cells as is seen in
the DG. This indicates a specific integration of information streams which occurs at granule

neurons in the DG. (Fernandez et al., 2021)

The DG, alongside other hippocampal formation structures contains place cells, which
firing rate increases as an organism approaches a known location in space. These cells and their
receptive firing fields have been proposed to act like coordinates in a Cartesian-like cellular
representation of space. Together these cells comprise a cognitive map that guides hippocampal
dependent spatial memory and navigational decisions (O’Keefe and Nadel, 1978) By recording
from place cells, a map can be formed which relates physical space to the firing frequency of

place cells (O’Keefe et al., 1998).

While object identity and location in space are both important aspects of place, each
alone does not represent the meaning that they convey together. Object recognition does not
convey a complete sense of place, nor does pure location in space. Only together do these aspects

generate place value, which is much more meaningful as it relates to spatial navigation.

m. Field oscillations

The rhythmic and synchronous firing of cells between 30-120hz are reflected as gamma
rhythms, which coordinate upstream EC cells and downstream granule neurons to fire in a
synchronous and phase locked manner (Fernandez et al., 2021). It is proposed that this
coordinates the two brain regions to allow for the transfer of information within and between
both regions (Buzsaki and Wang., 2012, Engel et al., 2001, Kloc et al., 2020). These inputs to the
granule cells are often localized to a specific dendritic field, such as one of the molecular layers

(Fernendez et al., 2021).



As information synapses from EC cells onto granule cells, separate inhibitory signals are
relayed from interneurons in the hippocampus, regulating the membrane potential of granule
neurons. These interneurons themselves are targeted by long range axons stemming from cells in
the septal nuclei, and specifically the medial septum (Pelkey et al., 2017). Pacemaker-like
circuits in the medial septum made up of Acetylcholine, GABA and glutamate neurons generate
rhythmic activity between 5-12hz, known as theta waves. These cells modulate hippocampal

interneurons, which relay an inhibitory signal onto granule cells (Jacob et al., 2017).

This dipole between inhibitory interneuron input, excitatory EC cell input, and the
summated membrane potential between the soma and specific dendritic compartments create an
alternating field which is conducted along the somato-dentritic axis of each cell. The
corresponding generation of alternating currents creates theta waves in the hippocampus, which
are reflected in many other brain regions, especially those closely linked to the hippocampus
(Colgin, 2013). While theta waves are a well understood and universal hippocampal
phenomenon, gamma rhythms are much less understood are suggested to act as a local
phenomenon, resulting from alternating synaptic excitation and inhibition. It has been suggested
that they are vital for sound hippocampal cognition (Ferndez et al., 2021). While causal
manipulations are difficult, the delicate balance of slow oscillations in theta range with different

gamma bandwidths has been suggested to be necessary for hippocampal-dependent cognition.

As theta waves and gamma oscillations are occurring in the same temporal space, their
relation to each other is a topic of much research and even more debate. Gamma oscillations,
which are short events, occur within the timescale of a single theta wave, and ride on top of the
field potential (Colgin, 2015). While theta is present during active movement, stationary periods

of planning and REM sleep (Leung, 1984), gamma is a much more irregular and has been



proposed to be involved with the routing of information between intra-hippocampal and cortico-

hippocampal inputs (Colgin and Moser, 2010).

The linkage between these two oscillations is known as theta-gamma coupling, and also
appears to be vital for sound cognition. Altering the firing pattern and membrane properties of

cells in the hippocampus can have substantial effects on theta, gamma and their coupling.

The alternating inhibitory and excitatory inputs to different layers of dendrites create a
dipole in local field potentials between the soma and apical dendrites of hippocampal cell. By
observing small differences in the timing of the local field potentials, their origin can be
localized, and using what is known about the connections between the EC and DG, the origin

and type of information being relayed can be

G DS1 H DS2
. . . CSDbC  WFbC CSDbC WFbC
inferred. This analysis is known as current (#3877)  (#4448) (#4221) (#3650)
Teiiiem= 1 §l§ 1\/ 1
. . . 2 2 s 2-\/ 2
source density, and is calculated by applying y 5 " N
[ E"E o \//
. . G 4 aNE 4
the second order derivative to each channel S/A/\\\ 5 .l
L. . _ B /\ 8 61
(Wojcik, 2014). 7 7 - 7
& z8 s £ &
. . . . . D ™ 9 2 9.
This information is often seen in the /\ 3]
10 101
DG as a dentate spike (DS), or a synchronous L " "
12 12
. . N\
activation of many granule cells. Current i e
1 14/«’:
source density analysis of EEG data can ~— E i |3
16 164 1= 16—
=30 0 30 -30 0 30 =30 0 30 -30 0 30
Time from DS peak (ms) Time from DS peak (ms)

display where in the molecular layer a sink is

(Figure 6) DS1 shows a sink (blue) in the OML transferring
object data, while DS2 shows a sink in MML transferring
spatial data. (Image adapted from Santiago et al., 2023)

formed, thus giving insights into what

information is currently passing into the DG.

These spikes have been deemed type 1 if they have a sink in the OML and transfer object data,

and type 2 if the sink occurs in the MML transferring spatial information (Bragin et al., 1995,



Santiago et al., 2024). Because both object and sensory information are passed onto granule cell
dendritic layers, it is hypothesized that the two streams of information are consolidated at this

point.

Once information has been vetted through the dentate gyrus, it moves on to the tri-
synaptic circuit, where granule neuron mossy fibers synapse onto CA1 pyramidal cells, which it
turn synapse onto CA3 neurons (Stepan et al., 2015). We propose to use the DG, its inputs from
the EC and the processing that occurs within the hippocampus as a platform for testing
hypothesis about the validity of PTEN Ko as a model, bridging gaps between gene, circuits,

cognition and behavior.

n. Hypothesis

It is hypothesized that alterations to cell structure and biophysics following mTOR
related pathology alter normal cognition by changing cell’s ability to functionally communicate
with other regions and respond to stimuli by these regions. By knocking out PTEN in a specific
brain region and testing a behavior causally linked with that region, the link between genetic
changes and phenotypic variation may be assessed. Thus, a viral vector is used here to knock out
PTEN in a cre-dependent, homozygous manner in 10-30% of DG granule cells. While it may be
assumed a complete and homozygous knockout may offer more direct insights into the
relationship between gene, morphology, and behavior, mice with a higher knockout percentage
quickly die from seizures within 2 months. Furthermore, a local knockout allows for the study of

a single circuit in a highly controlled manor.



o. DREADDs and CNO

It is hypothesized that a small number of hyperexcitable cells in a circuit may be
sufficient to negatively impact neuron communication to a degree that overall cognition is
affected. We refer to this as the “bad actor” theory. In this study, it is thought that if 10-30% of
granule neurons become hyperexcitable via PTEN Ko, and synapse more frequently thereby
amplifying the hyperexcitability, this may be sufficient to negatively impact cognition in the
hippocampus and impact spatial reasoning. We reason that removing the activity of these bad
actors should normalize DG network activity. Alternatively, it is possible that structural
abnormalities are formed, and that adult brain may not be plastic enough to rescue. To test this
theory, PTEN is knocked out in a subjection of granule neurons which also have hM4Di-
DREADDs knocked in. Human M4 Muscarinic Receptor - Designer Receptors Exclusively
Activated by Designer Drugs (hM4Di-DREADD:s) is a technology which allows a viral vector to
implant modified inhibitory muscarinic acetylcholine receptors in neurons, which are coupled
with G(i) proteins and are exclusively activated by a non-endogenous drug (Clozapine-N-Oxide)
which can be administered systemically by researchers (Wess et al., 2013). Since the same vector
is used to drive the PTEN ko and DREADDs, the same cells will receive both the knockout and
implantation simultaneously. This allows for the influence of PTEN Ko neurons to be assessed
and then turned off using Clozapine-N-Oxide (CNO), the designer drug which activates the
inhibitory receptors. In this way, each mouse can serve as its own control subject, allowing for
both between subject (Control to PTEN) and within subject (Baseline to CNO) design of an
experiment. Control mice also have DREADDs implanted, to allow for a control group during
both baseline and CNO sessions. CNO is administered through IP injection, with its plasma

concentrations peaking around 15 minutes post injection (Jendryka et al., 2019). However, its



effects on gamma power peak at 2-3 hours and slowly diminish over the following 10 hours,
suggesting a much larger time frame in which it affects neural activity. Its impacts are not
impacted by repeat injection over multiple days, suggesting a low pharmacological tolerance

(Alexander et al., 2009).



III.  General Approach

a. Spatial Accuracy Task
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away from the wall and into the open arena. mouse performing cued phase 7, alongside a speed map from that trial and a
dwell time map. D-F show a dwell time map and graph of % time spent in
each goal zone for phases 8, 9 and 10, respectively.

Eventually, the area is small enough that the mouse

must be physically touching the bottle cap to trigger a reward. The amount of time required in

the goal zone to trigger a food reward is also increased across phases. Once a mouse has learned



the task, signified by 20 food rewards over a 30 minute trial, the bottle cap is removed and
rodents ability to navigate to the same location in space using alternative spatial cues is tested.
The procedure is then repeated 3 additional times, once in each quadrant, as a test of cognitive

flexibility.

b. Electrophysiological Recording

While behavioral assays can elucidate larger phenotypic differences seen in PTEN ko
animals, it does not specify how morphological differences change the firing of neurons or local
field oscillations in the working brain. To discover how these changes may be affecting
cognition, we use the electrophysiological method. Here, high density silicon neural probes are
inserted through craniotomies into the hippocampi of awake animals. Electrodes aligned in a
linear fashion record electrical potentials generated within their recording fields, allowing for
analysis of local field potentials and oscillations, as well as single units representing the firing of

individual neurons (Cambridge Neurotech).

Pre-TP Post-TP

A oe/

1 sec

(Figure 8) On the left, a laminar probe is depicted being inserted through CA1 and both blades of dentate
gyrus, alongside inputs from the EC entering the DG and CA1. On the right, example LFPs are shown from
each cell and dendritic layer.




IV. Methods

a. Animals

All procedures were approved by Dartmouth College’s or the University of Vermont’s
Institutional Animal Care and Use Committee (IACUC). Animals were placed on a 12-hour
light/dark cycle with food and water provided ad libitum until food deprived. 15 mice were used,
10 of which performed the spatial accuracy task. All mice were designated for head-fixed
recording, although 3 died from surgical complications and one was euthanized due to

malocclusions before this occurred.
b. Viral Constructs and Surgery

Pten™™ animals (B6.129S4-Pten tm1Hwu/J with C57BL/6J background from Jackson
Laboratory) were injected with a retrovirus at P7 which is only able to enter cell nuclei during
dividing phases. Because granule neurons are some of the latest dividing in the CNS, peaking at
P7, the retrovirus can only access granule cell nuclei. This retrovirus knocked in a Cre-
recombinase, tandem dimer tomato (tdT) and Hm4Di-DREADDs homogenously. The Cre
recombinase removes the LoxP site flanking the start codon (exon 5) of the PTEN gene, but also
a stop codon directly before the knocked-in tdT. The tdT is knocked in on the ROSA26 allele
which has no known function. In control mice, hM4Di-DREADDs is knocked in, but not a cre-

recombinase is not, to preserve PTEN.

To generate pRubi-hM4Di-T2A-Cre, hM4Di was PCR cloned from FUGW-T2A-HM4D
(aka Lenti-GFP-t2a-hM4Di; Robinson et al 2014) with a primer encoding an ideal Kozac, start
codon, and flank it with Xbal sites using the following primers- Sense

5’agatctaccatggcecaacttcacacctgte; Antisense 5’ tctagacctggcagtgecgatgttce. The PCR product was



ligated into pGem t-easy and the band was excised with Xbal and ligated into the Xbal site of

pRubi-X-T2A-Cre (Getz et al., 2022).

At postnatal day 7, 20 WT C57BL/6J mice underwent stereotaxic surgery anesthetized
with isoflurane received 2mL retroviral injections into both hemispheres of the hippocampal
dentate gyrus (coordinates relative to lambda: x =+1.3mm, y = +1.55mm, z = —2.3 to —2.0mm),
at the rate of 0.3uL/min with 25% of the virus injected at each z-depth. This experimental

approach targets newborn granule neurons for genetic manipulation.

Since the PTEN knockout is a cre-dependant, cells will either express or not express
PTEN/tdT in a binary manner. However, the DREADDs knock-in is based on the amount of

virus that enters the nucleus and such its expression will vary from cell to cell.

c. Behavioral Assay

10 mice were trained on a spatial accuracy task after a 2-week quarantine in the UVM
animal facility. Training started at approximately P60. Mice were placed on food restriction to
increase motivation for food rewards, held at 85% of baseline weight. Mice were trained to
associate a 2cm bottlecap (cue) with food rewards. This task was performed inside a 76cm
diameter circular arena. The location of the mouse was tracked and recorded via a firewire
camera (30 Hz sampling rate) placed over the arena and analyzed with Biosignal software
(Tracker, Bio-signal Group Corp, Brooklyn, USA) and custom software (MATLAB v R2019A,
Mathworks, Natick, MA). This allows for post-trial analysis of mouse movement while also
automatically triggering food rewards. A polarizing cue card (color code gray 9.5, Color-Aid
Corp., Hudson Falls, NY) was placed to cover 45 degrees of one wall to allow for allocentric

orientation. The cue was placed directly in the center of one quadrant. In phases 1-4 of training,



mice needed to pause for 500-ms in the target zone around the cue, which started as 51 cm in
diameter in phase 1, then 28 cm in phase 2, 19 cm in phase 3, and 15 cm in phase 4. In phase 5 a
750ms pause is required, then a 1s pause in phase 6, and a 1.5s pause in phase 7. Goal zo e is
11.4cm in diameter between phases 5-7. After a phase was learned, signified by 20 food rewards
during a 30-minute trial, the next phase was triggered. After successful completion of phase 7,
the cue was removed and mice’s ability to navigate to the same area without a cue is tested. The
cue was then rotated 90 degrees and the procedure of phase 7 was repeated. This was done once
in each quadrant of the arena and named phases 8-10. Each phase (7-10) was then repeated once
again to achieve a second cued and uncued session at each location. Each mouse was run through
a single session per day through phase 6 to maintain motivation for food regards. During phases
7-10, each mouse is first run through a cued session with a uncued session directly following,
with one cued/uncued session pair occurring each day. The arena was cleaned with soap and

water after each session and between mice to remove olfactory cues.

A)  visible/hidden goal B) Headfixed Recording (H3, H10) i) i)
spatial accuracy | v T
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C) Timeline for electrophysiological recording in headfixed with H3 and H10 probes

»

1) Train spatial 2) Craniotomies 3) Headfixed
accuracy/ (L and R hemishpere) recording
Behavioral probe and headplate fixation Day1-H3 Each hemishpere
sessions and surgery Day2-H10 Each hemisphere

CNO injections (4-7 day recovery) Day3-H3 2 hrs post CNO
(~2.5 months)

(Figure 9) Timeline for behavioral and electrophysiological analysis of PTEN Ko mice and controls. (A) shows a mouse completing
phase 7 of the spatial accuracy task. (B) depicts a head-fixed mouse and sample EEG recording, with I and II demonstrating the spatial
resolution and cell layers recorded by H3 and H10 neural probes. (C) is a simplified description of the methodology used for all stages.




d. CNO administration and Spatial Accuracy

Each mouse was given a saline vehicle injection in the intraperitoneal space and
performed cued and uncued sessions of phase 8. The following day, each mouse is given a
Img/kg injection of CNO, and performed cued and uncued sessions phase 8. The CNO injection
was repeated the next 2 days for phases 9 and 10 in the same fashion. Injections were timed so

that 2 hours passed between IP injection and start of the first session each day.

e. Head-fixed Surgery

14 mice underwent surgery for chronic headplate implantation. 3 animals died during
surgery and were not recorded. Animals were anesthetized using isoflurane and placed into ear
bars with a nose cone delivering oxygen and 1-2% isoflurane. The head was cleaned with ethanol
and iodine, and the scalp removed from the front of ears to between the eyes. All soft tissue on
the skull was removed to create a clean bonding surface. A metal head plate was glued directly to
the skull using UV-cure Loctite, and skin around the headplate glued to its sides using VetBond
to seal all exposed bone or soft tissue. two craniotomies were drilled at -2.2, +/- 1.4mm from
Bregma, using a stereotax for reference. A third craniotomy was drilled over the frontal lobe, and
a screw inserted which reached cortical surface, and provided a ground and reference signal for
electrophysiological recording. The exposed skull surface and craniotomies were covered using
silicon epoxy (Kwik-Sil) to prevent infection. Mice were injected with Smg/kg of ketoprofen

directly after the surgical procedure and again 12 hours later.

f. Head-Fixed Recording

Following a 3-5 day recovery period, mice were placed in a head-fixed apparatus (Figure

9B) in which the head is fixed in place but the rest of the body free to run on a wheel. After



Kwik-Sil was removed, silicon high-density neural probes (Cambridge Neurotech, H3 and H10
probes) were inserted using a patch-clamp micromanipulator (Sutter instruments) into the
previously drilled craniotomies while mice were awake. For each mouse, recording was first
made in both craniotomies using laminar H3 probes, which record a 1275um long section of
tissue with 64 electrodes spaced 20um apart (Figure 9Bi) Brain surface was estimated when the
first channel appeared to be recording neural activity, and using this measurement and signature
EEG activity of cortex, CA1 and DG, depth in the brain estimated. Once a depth was reached
that displayed EEG activity from CA1 oriens to the OML of the bottom blade of the DG, an
hour-long recording was made. The probe was removed, and craniotomies covered with silicon
epoxy. The following day, another recording is made in the same fashion, using whichever
craniotomy gave the clearest depth profile from the previous day. Here, another silicon high
density probe is used (H10), with 4 shanks each containing 16 electrodes, each spanning 315um
vertically (Figure 9Bii). This recording was made using filters that omit local field potentials to
look specifically for single unit cell activity. After reaching depth with this probe, a 30-minute
unit recording was made. Following this, a 5Smg CNO dose was administered IP while mice were
still running on the wheel. A 2-hour continuous recording was then made to assess the continuous
effects of CNO. Following this, the H10 probe was removed and an H3 probe inserted into the

same craniotomy, to achieve a final laminar CNO recording.

g. Perfusion

Animals were euthanized by isoflurane overdosed followed by intracardiac perfusion first
with cold phosphate buffered saline containing 4% sucrose (PBS-Sucrose) followed by perfusion
with cold 4% paraformaldehyde in PBS-Sucrose (PFA-solution). Brains were postfixed in PFA-

solution for 48 hours at 4°C then were transferred to PBS-Sucrose at 4°C.



h. Immunohistochemistry

Brains were shipped from the University of Vermont to the Geisel School of Medicine at
Dartmouth in PBS-Sucrose for slicing and immunohistochemistry. While tdT is visibly red to the
naked eye in-vivo, PFA fixation reduces its vibrancy. Thus, an antibody against tdT is used to

make them visibly red again. Prox1 is used to stain WT granule neurons.

i. Data Analysis

Behavioral analysis was compiled using custom MATLAB scripts and means assembled
using SPSS. Number of Rewards, Entrances and time spent in each goal zone (both correct and
incorrect) was calculated between groups and drug states. A Generalized Estimating Equation
(GEE) was used to compile means, SD and confidence intervals. Number of sessions to learn the
task (considered by achieving phase 7) was also considered between groups. The appropriate
model was used for linear data (Gamma with log link) and non-normally distributed data sets

(Poisson loglinear).

j- [Electrophysiological data analysis

Frequency analysis was compiled using custom MATLAB scripts to observe theta (3-12hz),
slow gamma (30-50hz), and medium gamma (70-90hz) power across cell layers. Similar scripts
were used to compile CSD analysis for all mice, filtered between 3-15hz. An ROC analysis was
used to predict IEDs via the CSD analysis of the second blade of dentate gyrus, with 0.5
representing a random predictor and above 0.8 a great predictor. (See Kloc et al., 2023 for more

information).



V. Results

a. Immunohistochemistry

All mice but one showed a hit percentage
between 9-33% unilaterally, assessed in the area
immediately surrounding the tract of inserted
neural probes. M6 was a complete miss and thus
analyzed as a control. See Chart 1 in appendix for
exact hit percentages by mouse. Heterotopias
were found on 2 mice and suspected on multiple

others, most of which formed in the

periventricular space surrounding the second

(Figure 10) Control cells (green) make up the second granule cell
blade of dentate gyrus. The second blade is layer, while overgrown PTEN Ko cells are shown in yellow.
Some of the Ko cells remain in the cell layer, while others
suspected to have received a hlgher percentage migrate outside of the cell layer forming heterotopias.

of knockout cells within the cell layer based of CSD and IHC analysis. For more pictures of

heterotopias, see figure 28 in appendix.

b. Behavioral Analysis, Spatial Accuracy

Learning of phases differed between groups during phases 3-6, where PTEN mice took more

sessions to pass each phase (PTEN n=5, mean =12, SE=2.733) compared to control mice (CTL



n=3, mean=6, SE=0.816). This indicates a deficit in acquiring the task for PTEN knockouts.

Average # Sessions Per Phase (3-6)
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(Figure 11) Control mice (n=3) take on average 6 trials, as compared to 12 for PTEN mice (n=5), to complete
each phase between 2 and 7, signified by 20 cued rewards in a 30min session. Mouse 8 (PTEN) was excluded
due to experimental error moving through phases too quickly, and mouse 6 (Control) was excluded as an outlier.

During cued session of phases 7, control mice spent more time in the correct goal zone
(n=6, m=5.9%, SE = 0.005, 145s total) as compared to knockouts (n=4, m=8.1%, SE=0.013,
102s total) during the 1800s session. Group differences were not significant on any of the rotated

trails. CNO did not affect performance significantly or in a consistent manner.
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(Figure 12) During cued trials, PTEN (n=6) mice spent less time in the correct goal zone during phase 7
(p=0.066) as compared to controls (n=4), although not significantly. CNO had a slight negative affect on cued
goal time for PTEN and control mice during phases 8 and 10, but not 9. Group differences were not seen in any of

During phase 7 uncued trials, control mice (n=4, m=4.4%, SE=0.004, 79s total) spent
more time (p=0.078) in the correct goal zone compared to PTEN mice (n=6, m=5.2%, SE=0.004,
94s total) over the 1800s session. During phases 8-10, group differences were not significant.
However, CNO administration increased time spent in the correct goal zone for PTEN ko and not
control mice during phases 8 and 9. However, looking at uncued performance on phases 8 and 9
together, PTEN mice spent significantly more time (p=0.037) in the correct goal zone following

CNO administration (m=2.0%, SE=0.002) as compared to baseline (m=2.8%, SE=0.004).
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(Figure 13) During uncued trails, PTEN mice (n=6) spent less time in the correct goal zone during phase 7
compared to controls (n=4), but not significantly. Group differences were not seen on any of the rotated
trials. CNO administration had a positive effect goal zone time during phases 8 (p=0.091) and 9 (p=0.303)
for PTEN mice and not controls, although the effect was not significant.
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(Figure 14) Combining results from uncued phases 8 and 9 looking at only PTEN mice, CNO administration

caused a significant (p=0.037) increase in goal zone time. CNO administration had no significant effect on goal
zone time for controls during these phases.




Control mice achieved a higher number of rewards during uncued phase 7 session of the task,
consistent with spending more time in the correct goal zone during these sessions. However,
group differences were not seen in any of the rotation trials (8-10). CNO administration slightly
increased the number of rewards received by both groups during phases 8 and 9, but not phase

10.
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(Figure 15) During uncued trials, control mice (n=4) received more rewards than PTEN mice (n=6), although not
significantly. Group differences were not seen for any of the rotated trails. CNO administration caused a slight, but not
significant increase for both PTEN and control mice during phases 8 and 9.

Mouse 8 (PTEN) and mouse 5 (PTEN) both showed a specific deficit during rotated
trials, which was attenuated by CNO administration. Mouse 5 had a specific deficit in the
number of rewards received on rotated trials, averaging 3.7 rewards on phases 8-10. After CNO
administration, the average number of rewards per phase increased to 17. Mouse 8 exhibited
perseverance in the original goal zone. CNO increased goal time during phase 8, and decreased

perseverance in the original goal zone duing phase 9 and 10.
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(Figure 16) Sessions are displayed from top to bottom, Phase 7 to Phase 10. Each circle represents the goal zone and each
red dot a reward received. The graphs display % time spent in each goal zone, with phase 7 goal zone on the left and phase
10 on the right. Differences between baseline and CNO spatial accuracy trails for two PTEN KO mice. Mouse 5 showed a
specific deficit in receiving rewards during rotation trials, which was attenuated by CNO administration. Mouse 8 showed a
specific deficit in perseverance, where number of rewards did not change following CNO administration, but time spent in
the incorrect goal zone (Specifically phase 7 GZ) decreased substantially.

c. Electrophysiological Results

Theta amplitude was considered by region (CA1 and both blades of DG) and by depth more

precisely. Power for amplitude of field oscillations is measured in decibels. PTEN mice had

lower theta power overall at all depths and regions. In DG GCL1, PTEN mice showed

significantly reduced theta power as compared to controls (Wald =12.4, p<0.001), as well as DG

GCL2 (Wald=4.5, p=0.035). The difference was largest in the first blade of the dentate gyrus and

in the hilar area.
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(Figure 17) Theta
amplitude his
larger in all
hippocampal
regions in Control
mice, as compared
to PTEN ko. CNO
administration
decreased theta
amplitude in both
groups.
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(Figure 19) CNO administration decreased theta power in control and PTEN mice, but
not significantly, with a specific effect on granule cell layer 1 in both groups.
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Slow and Medium gamma, which are thought to be related to object and spatial learning,

respectively, were observed by depth. Gamma power was greatest in the hilar region and lowest

in CA1. Medium gamma was significantly higher in Control mice in GCL1 (Wald=37.8,

p<0.001) and GCL2 (Wald=16.6, p<0.001). Slow gamma was greater in power for control mice

as compared to PTEN mice. CNO administration decreased both slow and medium gamma for

both groups.
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(Figure 20) Medium
gamma (70-90hz) is
stronger in controls as
compared to PTEN mice.
CNO administration
decreased power in in
PTEN mice and controls,
although not significantly.
Power was always
strongest in the hilar
region for all groups and

(Figure 21) Slow
Gamma (30-50hz) Is
stronger in controls as
compared to PTEN
mice. CNO
administration
decreased slow gamma
power in both groups.
As with medium
gamma, power was
highest in the hilar area
of the dentate gyrus for
all groups and states.




Current source density (CSD) analysis, which demonstrates the density of field
oscillations, is used to show pathological activity and where it stems from. Unlike a power
analysis, CSD considers the temporal and spatial frame of signals to show their source. Here, it
was shown that the second blade of DG (both cell layer and molecular layer) had the highest
CSD. This followed along with IHC, which indicated the second blade of DG received a higher
percentage of knockout cells, alongside being the location of confirmed and suspected

heterotopias.
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CSD analysis and comparison between a low knockout and high knockout PTEN shows
functional differences in the sinks and source of electrical current and information. The bottom
blade of DG is targeted by the virus more heavily in most mice, leading to higher pathological
activity in PTEN ko mice and a larger CNO effect in all mice. M1 (low knockout) shows
relatively even activity in both blade at baseline, and CNO administration selectively quiets the
bottom blade. M3 (high knockout) shows pathological activity in the bottom blade, which is

quieted by CNO, allowing for a smaller heterotopia in the molecular layer to be seen.
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(Figure 23) Each figure shows a CSD analysis filtered between 3-12hz at the top, with depth on the Y axis and time (6 seconds)
on the X axis. Red shows sources while Blue shows a sink. Below are depictions of just sinks (Red image) or just sources (Blue
image), and below each of them is a graphical representation of CSD across depths. (A) Shows a low knockout PTEN mouse
(M1) at baseline, with relatively even distribution of CSD across 2 blades of DG, with sink/source power peaking at 0.12. (B)
shows the same low knockout mouse after CNO, which differentially quiets the bottom blade of DG, leading a higher sink/source
power in the top blade at 0.2. (C) shows a high knockout PTEN mouse (M3) at baseline, with pathological overactivity in the
bottom blade washing out all other activity, with a sink/source power of 0.2. Following CNO administration in (D), the bottom
blade is quieter with a sink/source power of 0.1, allowing heterotopia in the OML to be seen.




ROC analysis was used to predict the presence of IEDs based on CSD analysis of the
second blade of dentate gyrus in all mice. Here, a perfect predictor will show a 1.0 area under the
curve, and a non-predictor will show 0.50. It was shown that the area under the curve was 0.723,
meaning that CSD analysis of GCL2 was a good, but not great predictor of IEDs. Following
CNO administration, the area under the curve fell to 0.568, meaning GCL2 CSD could no longer

predict IEDs in all mice.
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(Figure 24) ROC analysis using granule cell layer 2 as a predictor of IEDs in all mice. At baseline, the area under the curve is
0.723, and after CNO administration it falls to 0.568. The GCL2 CSD is therefore a good biomarker for DG hypersynchrony
and IEDs.

Heterotopias were confirmed through IHC in three mice, with electrophysiological data
suggesting heterotopias in multiple others. Most mice with heterotopias displayed inter-ictal
epileptiform discharges, which based off CSD analysis, seemed to be originating within

heterotopias. CNO administration reduced IED rate by half or more in three mice.
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While in most mice, IEDs appeared to originate in heterotopias, M3 was more variable. At
baseline, CSD power was strongest and IEDs originated from the second blade of the dentate
gyrus. Following CNO administration, these IEDs were reduced but appeared to originate from a
heterotopia in the OML of the second blade of DG. This demonstrates that while IEDs often

occur due to heterotopias, they can occur outside of them as well.
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(Figure 26) IED
from M3 at
baseline, where
the strongest
source is directly
in the granule
cell layer,
suggesting that
IEDs originate
there.

(Figure 27) IED
from M3 following
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administration,
where the strongest
source both in and
below the cell
layer, indicating a
heterotopia is
causing the IED




VI Discussion

a. Review

We demonstrate that PTEN Ko mice show deficits in a spatial accuracy task which can be
attenuated through CNO administration and silencing of PTEN ko cells. This suggests that even
in the adult hippocampus, shutting off ‘bad actor’ neurons can improve network function and the
association of goal related objects with novel spatial locations. Furthermore, by using high-
density silicon probes we demonstrate functional differences in field oscillations relative to DG
cell layers and synaptic inputs may underly both behavioral deficits and hippocampal
hypersynchrony. These differences may result from PTEN Ko induced alteration of membrane
and dendritic properties. Finally, we found that IEDs and heterotopias are a significant part of the

model and are biomarkers of hypersynchrony.

ASD is a complicated and varied spectrum disorder in humans, and animal models for the
disorder may be subject to similar effects as the human disorder. While we observed variability
in the behavioral and electrophysiological phenotypes of PTEN Ko mice, these seem to correlate
with the percentage Ko cells in the second blade of dentate gyrus. Furthermore, the presence of
heterotopias in some mice were sufficient for the generation of IEDs. The model is itself a
spectral disorder, and such variability in knockout percentage and phenotypes of mice are to be
expected. We account for these differences through our approach using electrophysiology and
immunohistochemistry, which allows us to observe how a range of knockout rates have differing

effects on cognition and behavior.

It is important to consider that while behavior may result from underlying neuronal
processes, it is not a direct link and many other factors will affect behavior. Electrophysiological

analysis is limited by its spatial breadth, and the dentate gyrus is only one of many structures



involved in spatial navigation. Therefore, functional and structural differences in the dentate

gyrus may have varying effects on the ability to complete spatial tasks.
b. Behavioral Analysis

Learning rates of the spatial accuracy task suggest an acquisition deficit in PTEN mice, but
not controls. This follows, considering perturbing the membrane and morphological properties of
granule cells, which are required to form place maps, would negatively affect spatial behavior. In
cued trials, we expect that mice used only non-hippocampal strategies to find the cue. Although
performance on cued phase 7 trails trended better in controls as compared to PTEN mice, this

effect was not significant.

Performance on uncued trials of the spatial accuracy task are most critical to this model,
as they represent a functional remapping of spatial cues with a known or novel physical location.
While cued trials can be performed using non-hippocampal dependent strategies such as running
along the annulus and veering out towards the cue using only visual cues, uncued trials require
the use of alternate spatial cues to form a cognitive map of the arena and navigation to an uncued
area (Morris et al., 1982). Control mice were more successful in spending time in the correct
goal zone during phase 7 as compared to PTEN mice, However, in contrast to past studies (Getz
et al., 2022) the effect did not translate to rotated trails. As stated above, this may in large part be
due to our underpowered control group. Yet, following CNO administration, PTEN animals
increased their time in the goal zone during rotation sessions (phases 8 and 9) while control
performance was unchanged. Interestingly, this rescue caused performance to increase
significantly above levels of control mice during baseline performance. This does, however,
demonstrate the effects of CNO are significant enough to alter behavior in a positive way,

supporting the bad actor theory. Importantly, the results indicate that even a small number of



cells becoming hyperactive can perturb a neural circuit enough to cause functional deficits and
hippocampal hypersynchrony. This is in line with our original hypotheses, indicating that the

adult mouse brain may not have such large structural abnormalities that it cannot be rescued.

Because the variability in hit rate and behavioral performance is so high, looking at specific
examples of PTEN mice is useful. Here, mouse 5 and 8 showed specific deficits during uncued
rotation trials. Mouse 5 received 3-6 rewards per uncued session at baseline, while behavior was
rescued following CNO administration with over 15 rewards received per rotation. Mouse 8
showed a specific tendency to persevere at old goal zone locations, especially phase 7 (the
original location). CNO administration did not change the reward count, but significantly
reduced the time spent on old goal zone locations. This demonstrates how in accounting for
knockout percentage and underlying neuronal processes through electrophysiology, we are able

to rationalize variable results between mice.

These two mice have not been run through IHC, but it is suspected they both have either
heterotopias or a very high knockout percentage. In the future, it will be important to focus on
mice with a higher knockout as the spatial deficits seem to rely on a hit rate of more than 15%
(LaSarge et al., 2021). Furthermore, low numbers of control mice made statistical analysis and

comparison to PTEN mice difficult.

c. Electrophysiology

In accordance with range of behavioral outcomes, electrophysiological analysis in head

fixed-mice also corresponded to knockout percentage with changes in hippocampal function.

Theta power was found to be lower in all hippocampal regions in PTEN mice as compared to

controls. It’s possible that dysregulation of dendritic and biophysical cell properties altered the



generation of field oscillations. If dendrites and soma sizes are larger, and the cell’s capacitance
is increased, it is possible that the reciprocal inhibitory and excitatory inputs from other cells had
a reduced impact on the membrane potential of knockout cells. Another explanation for this
effect could be timing differences amongst the control cells and a subpopulation of Ko cells,
where if knockout cells fell out of phase with other cells in the granule cell layer, they could
reduce the amplitude of theta field oscillations via phase negation. This is the same mechanism
by which noise cancellation occurs, where if the same frequency is placed exactly one phase out
of sync, the waves will cancel out. In this theory, knockout granule cells could fall out of phase

with local field oscillations and reduce overall theta power.

Theta power was reduced by CNO administration in both groups. This result did follow
expectations as selectively inhibiting a number of excitatory cells in the dentate gyrus should

decrease the power of theta oscillations.

Gamma oscillations are thought to be a much more local phenomenon, and as such the
effects of PTEN knockout are somewhat more complex. PTEN mice showed lower gamma
power in CA1 and the first blade of dentate gyrus, but no differences in the second blade of

dentate gyrus.

We also conducted CSD analysis for theta scale oscillations, which are much more sensitive
to spatial changes in current moving in and out of the membrane of cell layers and dendrites, as
compared simple theta properties like frequency and amplitude. The density of theta frequency
was massively increased. Density analysis takes into account the spatial and temporal aspects of
theta oscillations, not just their amplitude, which can be more relevant to a model of pathological

hyperactivity, potentially induced by increased soma size and dendritic overgrowth. This is in



line with our hypothesis, showing that a small number of hyperexcitable cells can create

hypersynchronous events and perturb the entire circuit.

d. IEDs and Heterotopias

In addition to functional differences seen in field oscillations, some PTEN mice
demonstrated inter-ictal epileptiform discharges, a signature seen in epilepsy and other
excitation/inhibition related neurological disorders. The same focal point for pathologically high
CSD in the second blade of dentate gyrus was also the focal point for IEDs in mice, and CNO
administration reduced IED rate by half or more, demonstrating a causal link with hyperexcitable
granule cells. Whether these heterotopias, which may be generating IEDs can be completely

deactivated is yet to be shown.

Most mice with heterotopias were found to also display IEDs. It is suspected, based on
their co-occurrence but also based on CSD analysis, that IEDs originate in these heterotopias.
This could occur for a number of reasons. First, having a group of massive, hyperexcitable
granule neurons in such close proximity together may be enough on its own to generate massive
electrical discharges. Furthermore, it is suspected that inhibitory interneurons did not migrate
with these cells, or at least their impact on knockout granule neurons is negligible due to their

massive capacitance.

One mouse (M10) with heterotopias did not show IEDs, while another (M3) showed
IEDs originating in both heterotopias and the second blade in dentate gyrus, providing evidence

that while heterotopias are a major factor in IED generation, they can occur outside of them.



e. Clinical Translational Relevance

The connection between models of ASD an epilepsy is not only seen here. Many humans
with ASD suffer from some form of epilepsy or seizures, although estimates of exact prevalence
range from 5-45% (Spence and Schnieder, 2015). It has been shown that excessive activation of
the mTOR pathway, albeit through a different mechanism than in this study, is sufficient to
induce seizures in mice (Pun et al., 2012). This is consistent with our own finding, that mice with
a high percentage of PTEN knockout cells in the granule cell layer (in the order of 70%) die from

seizure activity within the first few months of life.

In human patients with PTEN mutations, dysplasia has been known to occur, not
completely unlike what is seen in the mouse model for the disorder. In clinical case studies (Elia
et al., 2012; Saletti et al., 2017), some humans with PTEN related mutations demonstrate cortical
dysplasia around the temporal and occipital lobes and epilepsy, alongside macrocephaly and
mental disability. In another study by Wegiel et al. published in 2010, formalin-fixed brains of 13
deceased patients with ASD were studied to observe structural abnormalities. Heterotopias were
found in 31% of patients, with two individuals showing heterotopias in the entorhinal cortex, and

two individuals with heterotopias in CA regions and the dentate gyrus.

It is important to consider that this information results from a small number of clinical
reports and does not establish a causal relationship. However, it does suggest mechanisms
underlying epilepsy and cognitive disability in mTOR related pathologies may be related in

mouse models and the human condition.



f. Future Direction

The PTEN model of ASD is still in its early stages, and this report is the first in-vivo
characterization of electrophysiological properties of PTEN knockout granule cells that allows
for the selective inhibition of knockout cells. More subjects are required to form more significant
statements about the behavioral and electrophysiological properties of the model. 15 PTEN KO /
Hm4Di-DREADDs mice are being run through a spatial accuracy task and are designated for
head-fixed recording. Furthermore, three mice have been or are currently undergoing chronic
implantation, where an 128-channel H10 probe is chronically implanted in the skull of mice,
allowing for high density recording during the behavioral task. This will allow for the
characterization of EEG activity, single unit recording and field oscillations during active
exploration, but also the formation and analysis of place fields of hippocampal cells. We also will
explore single unit recordings from PTEN Ko and control mice, to observe spiking properties of

PTEN Ko cells in vivo.



VII. Appendix

Mouse

Hit Percentage

Notes

M1 (PTEN KO) 10.35% Control-like behavior and E-phys

M2 (Control) NA

M3 (PTEN KO) 24.55% Heterotopia (Confirmed), IEDs

M4 (Control) NA

M5 (PTEN KO) NA Suspected heterotopia, IEDS

M6 (Control) 0%

M7 (PTEN KO) 24.12%

M8 (PTEN KO) NA Absence seizures

M9 (Control) NA

M10 (PTEN KO) 9.51% Heterotopias (Confirmed), Unusual
Molecular layer CSD

MI11 (PTEN KO) 13.50%

M12 (PTEN KO) NA

M13 (PTEN KO) 18.87% Heterotopias (Confirmed), IEDs

M14 (Control) NA

M15 (Control) 24.12% Urethane recording due to

malocclusions

*NA indicates the mouse has yet to be run through IHC or died during surgery.
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(Figure 28) Heterotopias found in the bottom blade of multiple PTEN Ko mice are shown here.
Red cells are stained for tdT. In the top-right image, green cells are control granule neurons and
yellow cells are PTEN Ko.
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(Figure 29) Localization of hypersynchronous zones via CSD during theta oscillations and inter-ictal epileptiform
discharges (IEDs) correlates with density of Pten Ko in dentate gyrus granule cells. Ai) Unfiltered local field
potentials (LFPs) from a laminar silicon probe during a 6 second period of continuous theta oscillations while
headfixed and running on a wheel; Aii) CSD (of data in Ai) filtered at 3-12 Hz reveals cell layers and synaptic inputs
from lateral and medial entorhinal cortex in CA1 and DG. The CSD levels in in DG GCL2 are significantly higher
than those seen in controls. CSD also reveals a putative active cell layer near OML2; Bi) One second of unfiltered
LFPs during the generation of an IED, with the largest signals also originating near GCL2. Bii) CSD (of data in Bi)
during a 30 ms period during the IED revealing alternation of sinks and sources underlying IED propagation from
GCL2 to GCI1 and CAL1. The data indicates there is chronic hypersynchrony during theta oscillations in GCL2,
which also underlies the generation of intermittent IEDs; C-E) In correspondence with the electrophysiological
results, immunohistochemistry (10, 20 and 40x objective) confirms a high density (~18%) of Pten KO (red) within
GCL2 (blue = DAPI) and the presence of a putative heterotopia comprised of Pten KO cells in the OML2. Taken
together, the results indicate that PTEN ko in <20% of granule cells is sufficient for causing pathological levels of
hypersynchrony at multiple timescales, potentially having chronic effects on somatodendritic integration of
corticohippocampal inputs and creating a significant risk for epileptogenesis.
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