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1 Introduction

1.1 Overview of epilepsy
While up to 10% of people will have a seizure at some point in their lives, epilepsy is a
condition defined as having two or more spontaneous seizures at least 24 hours apart
(Sirvin 2015). According to the WHO it affects roughly 50 million people globally and is
the fourth most common neurological disorder but there remain many unknown factors
as to its origin and propagation in many cases (Chakravarthy et al. 2009). However, our
understanding of the disease has increased exponentially with the development of next
generation diagnostic and molecular tools for identifying previously indiscernible
characteristics of the disease (Scheffer et al. 2017, Zhang 2020, Reddy & Saini 2021,
Trinka & Leitinger 2022, Barfuss et al. 2023, Yuan et al. 2023). The treatment of a
condition that results in repeated seizures tends to focus on suppressing the seizures
themselves. Patients suffering from epilepsy have access to dozens of anti-seizure
medication (ASM) options but roughly one third do not have adequate seizure control
(Loscher et al. 2020). These patients have few other options for the management of their
symptoms and may need to resort to therapeutic resection of the epileptic focus if it can
be identified and safely excised. With the heavy burden of this disease and the lack of
completely effective pharmacological solutions, a better understanding of the pathology
is required to develop more treatments.

Broadly, seizures are the result of an excitation/inhibition imbalance in the brain,
and a lack of homeostatic regulation causing uncontrolled hypersynchronous firing. The
scale of the root cause of this dysfunction can vary widely, ranging from changes in ionic

conductance or number of synaptic connections to neural population level or circuit



feedback loop changes (Chakravarthy et al. 2009). Usually the brain attempts to maintain
a homeostatic state of excitation and inhibition, with an asynchronous neuronal firing
pattern (Chakravarthy et al. 2009). This dysregulated synchronous firing can happen in a
myriad of ways, areas, and frequencies, resulting in dozens of unique seizure
presentations (Table 1, adapted from Sarmast et al. 2020). The four overarching classes
of epilepsies are organized by where the abnormal activity originates in the brain. These
can be focal, generalized, focal and generalized, or unknown (Sarmast et al. 2020). A
focal seizure has abnormal electrical activity that originates in one cerebral hemisphere
and can spread to the other, while a generalized seizure occurs in both hemispheres
simultaneously and may spread around to other neural networks (Fisher et al. 2018,
Brodie et al. 2018, Fisher et al. 2017, Fisher et al. 2017, Sarmast et al. 2020). It is
speculated generalized seizure occurs in separate hemispheres simultaneously due to
issues with forces that affect the brain as a whole such as upstream thalamocortical relays
becoming synchronous or problems with disinhibition systemically instead of in one

specific area (Williamson et al. 2009, Lindquist et al. 2023).

Focal Generalized Unknown origin
Aware/Impaired Motor onset (8 Motor (Tonic-clonic,
awareness subtypes) epileptic spasm)
Motor onset (7 Non-motor onset (4 Non-motor (Behavior
subtypes) subtypes) arrest)

Non-motor onset (5 Unclassified
subtypes)

Focal to bilateral tonic-

clonic




Table 1. There are dozens of unique seizure signatures a patient can experience.
Seizures are divided into three subgroups based on the origin of the seizure focus. Specific seizure loci and

presentation can help inform diagnostics and treatment on a more individualized level.

One of the more unique and pressing questions for a disease that revolves around
a repetitive excitotoxic event is whether that event then predisposes an individual to a
greater number or increased severity of seizures. This phenomenon described by the
phrases “seizures beget seizures” is known as “kindling” and has been used as a concept
for epilepsy modeling and a topic of interest for human biology. In animal models of
kindling induction, focal electrical stimulation is applied to trigger a seizure of relatively
short duration with minimal behavioral reaction. However, additional stimulations cause
increases in seizure duration and behavioral severity as measured by Racine scale until
a plateau is reached, implying increased susceptibility (Goddard et al. 1969, Racine et al.
1972). While some reports indicate spontaneous seizures may occur after sufficient
stimulations, this effect is far from consistent and varies greatly depending on laboratory
and species. This stimulation kindling model most closely resembles temporal lobe
epilepsy (TLE) in animals, but other forms of epilepsy have also shown clear kindling-like
characteristics without exogenous stimulation. Some rodent genetic models of absence
seizures have a clear onset and distinct disease development, progressively experiencing
more absence seizures per day over time (Blumenfeld et al. 2008, Makinson et al. 2017).
Similarly, when evaluating the effect of duration of epilepsy, patients who have had
epilepsy longer are associated with higher probabilities of an abnormal EEG (Brito et al.
2021). Conversely, long-lasting cases of TLE in humans often do not have changing

symptoms either clinically or electrographically (Blume et al. 2006, Ben-Ari et al. 2008).



A lack of disease progression despite repeated seizures may be attributed to homeostatic
mechanisms established in response to the disease such as increases in adult

neurogenesis (Jain et al. 2019).

1.2 Causes of epilepsy

But what are the causes of epilepsy? There are many potential causative factors including
genetics, structural brain abnormalities, infections, and brain injuries. Infections and brain
injuries resulting in epilepsy are often more clearly causational than subtle genetic or
structural aberrations. Acute seizures can occur in up to 30% of patients with a CNS
infection and are a risk factor for later development of spontaneous recurrent seizures in
a patient’s lifetime (Beghi et al. 2010, Singhi et al. 2011, Shorvon et al. 2010, Lowenstein
et al. 2009). The risk of developing epilepsy after a traumatic brain injury (TBI) correlates
with the severity of the damage. The incidence of late-onset seizure over 30 years for a
mild TBI is 2%; moderate TBI 4%; and severe TBIl 15% (Annegers et al. 1998). These
seizures occurring later in life after the incident are most likely caused by architectural
changes in the brain making it more vulnerable to hyperexcitation, including neuronal
loss, rewiring, and sprouting (Noebels et al. 2012).

Genetic mutations are a very common cause of epilepsy. Genetic generalized
epilepsies, for example, are genetically determined and account for about one third of all
epilepsy cases (Engel et al. 2001, Panayiotopoulos et al. 2005, Sarmast et al. 2020).
While focal epilepsies were often traditionally thought of as the result of an environmental
insult there is now a large body of evidence for significant genetic contribution. First
degree relatives of focal epilepsy probands have a much higher risk of epilepsy and

monozygotic twins exhibit a higher concordance compared to dizygotic twins (Kjeldsen et



al. 2003, Corey et al. 2011,Vadlamudi et al. 2014, Perucca 2018). Despite these genetic
contributions, there is often overlap between the genetic and structural, further
complicating epilepsy causation.

Which genes contribute to epilepsy and the extent of their contribution can be
complex, but some efforts have been made to organize epilepsy-associated genes. One
of these organizational efforts led to classifying 977 epilepsy-associated genes into four
distinct subtypes:

e« 84 genes only cause epilepsy or have syndromes with epilepsy as their core
symptom

e 73 genes are related to neurodevelopmental defects resulting in gross brain
abnormalities/malformations and epilepsy

o 536 “epilepsy-related” genes that cause gross physical malformations or other
systemic abnormalities that also accompany epilepsy or seizure

e 284 genes are classified as “potentially” epilepsy-associated, and require further

investigation into their relationship with epilepsy (Wang et al. 2017).

Although each group of genes can aid in our understanding of the multivariate
nature of genetic interactions, the first subgroup most specifically resulting in epilepsy can
provide insight into discrete fundamental pathways most directly causing disease. When
examining those 84 genes specifically associated with epilepsy, researchers found ion
channel mutations to be the most common, accounting for 28/84 genes. The second most
common was a much more generalized group characterized by mutations in enzymes or
modulators of enzymes, and accounted for 25/84 genes. The remaining 31 genes were

spread between a half dozen diverse cellular function genes (22/84) or remain



unclassified (9/84). While this list highlights the variation of genetic contributions, the
majority of the associated genes being specifically ion-channel related clearly highlights
the importance of circuit balance in the pathology of the disease.

Examination of the second subgroup, genes associated with neurodevelopmental
defects, can give insight into how larger scale dysfunction can result in epilepsy as more
of a symptom of dysfunction. While the most prevalent subtype is rather general and
includes enzymes/enzyme modulators (24/73), the second most prevalent subtype is
cytoskeletal genes (15/73). These neurodevelopmental disorder gene subtypes differ
substantially from epilepsy-specific genes, containing no ion channel genes and many
more cytoskeletal genes. Many of these cytoskeletal genes result in dysfunction of
organization or migration in the brain (e.g. lissencephaly, double cortex syndrome,
Galloway-Mowat Syndrome), producing hallmark pathologies such as a smooth brain,
multiple cortical layers, and microcephaly (Gleeson et al. 1998, Di Donati et al. 2017,
Colin et al. 2014). Differentiation of these genes that solely affect epilepsy and those that
cause disorders including epilepsy help demonstrate the spectrum of phenotypes that
can be encompassed by the disease and can give us clues on origins and treatments for
the condition.

How do mutations in these genes actually contribute to seizure occurrence in
patients? They cause dysfunction in brain circuit homeostasis in one way or another,
making the brain more prone to hyperexcitability and the causative synchronous neuronal
firing. lon channel genes, as mentioned earlier, are a common genetic contributor to
seizure manifestation. For example, Dravet syndrome is one of the more common genetic

causes of epilepsy and most often results from haploinsufficiency in the SCN1A gene



(Ding et al 2021). This gene encodes the alpha subunit of the voltage-gated sodium
channel Nav1.1. The mechanisms behind the how this channel mutation directly causes
epilepsy are very complex, but one implicated cause in mouse disease models comes
from compromise of hippocampal fast-spiking inhibitory interneurons (Valassina et al.
2022). Researchers were able to upregulate the functional copy of SCN1A and improve
behavioral outcomes and reduce seizure occurrence (Valassina et al. 2022). When
examining the fast-spiking interneuron populations in the CA1 affected by this
upregulation they found that this rescue treatment had restored the reduced maximal
firing rate. They also found the rescue mice had recovered a higher number of evoked
action potentials at low and high stimulation intensities compared to the haploinsufficient
mice. This is a clear example of how epilepsy caused by distinct circuit homeostasis
mechanisms can be rectified by attempts to reestablish functional excitation/inhibition
balance, especially in models of ion channel dysfunction.

Although gene mutations affecting ion channels are commonly causative of
epilepsy, there are other malformation changes in the brain causing sweeping changes
resulting in epilepsy that are derived from genetic mutations. These mutations often cause
migration or organizational problems in the brain during development, causing cell
populations to be absent or even completely misplaced, compromising circuitry
organization. Such is the case for mutations causing lissencephaly and subcortical band
heterotopia. In lissencephaly, a gene mutation (usually cytoskeletal) causes an
uncharacteristic smoothness of the brain. This is the result of thickened cortical gray
matter absent of gyri. The abnormal cortical layering is caused by failure in neuronal

migration, and this faulty migration causes widespread miswiring of circuits. Because



these circuits are aberrantly wired, the proper circuit homeostasis organization is
completely disrupted, leading to abnormal circuits that may be prone to hyperexcitability
and synchronous firing. Subcortical band heterotopia is similarly a disease characterized
by migration defects that cause faulty organization in the brain (Deuel et al. 2006, Momen
et al. 2015). Due to a mutation in DCX or LIS1, neurons meant to migrate to the cerebral
cortex (the outer surface of the brain) do not complete their migration and instead form a
band of cells underneath the cerebral cortex (Deuel et al. 2006). This abnormal placement
of cells results in unintended circuit connections that make the brain more prone to
hyperexcitability and epileptic activity because the proper excitation/inhibition balance
could not be established. These migration defects and the aforementioned ion channel
dysfunctions caused by gene mutations are two of the many ways epilepsy can be caused

by genetics.

1.3 Temporal lobe epilepsy (TLE) is an important subset of epilepsy cases

While the seizure type and presentation can vary greatly from case to case, the most
common of all epilepsy cases in adults are classified as TLEs. Despite the commonality
of this epilepsy type and the development of dozens of anti-seizure medications (ASM)
over the past decades, up to 75% of TLE patients are refractory to medication (Jallon et
al. 1997, Yang et al. 2020). One third of all epilepsy cases have the seizure onset within
the temporal lobe (Blair et al. 2012). Of these TLEs, 80% arise in the mesial temporal
lobe, originating in areas such as the hippocampus, rhinal cortices, and amygdala (Asadi-
Pooya et al. 2017, Bartolomei et al. 2005). Most cases are sporadic but about one-fifth of

all non-lesional TLE cases possibly have a familial attribute, although penetrance is often



incomplete and inheritance patterns remain complex (Berkovic et al. 1996, Crompton et
al. 2010).

The circuitry of the hippocampus is of particular interest for many groups studying
TLE. The first inputs are from the pyramidal neurons of the entorhinal cortex, which mostly
extend their axons into the outer and medial layers of the molecular layer surrounding the
dentate gyrus (Krook-Magnuson et al. 2015). It is here that they connect to the dendrites
of the granule cells, the neuronal cell type that constitutes most of granule cell layer.
These granule cells extend axons called mossy fibers that wrap around the CA3 and
extend to the CA2 to continue the circuit (Krook-Magnuson et al. 2015). The CA3 and
CAZ2 then connect to the CA1, which finally connects to a different layer of the entorhinal
cortex (Krook-Magnuson et al. 2015). This circuit is known as the trisynaptic circuit and
has many characteristics of importance to TLE. After status epilepticus (SE), which is a
prolonged seizing event, there is very visible acute cell loss throughout the hippocampus
that can be visualized by FluoroJade staining (stain for degenerating/dying neurons) (Jain
et al. 2019, Botterill et al. 2019). High proportions of neuronal death, especially in the
CA3-CA1, are indicative of potential epilepsy from this SE later in life. There are also stark
anatomical contrasts in the hippocampi of epileptic animals and patients. One of the most

controversial and potentially impactful is mossy fiber sprouting (MFS).



Figure 1. Circuitry of the hippocampus.

Pyramidal neurons from the entorhinal cortex synapse with the dendrites of dentate granule cells, which
extend mossy fiber axons to CA3 and CA2. The circuit is continued by projections to the CA1, which
complete the circuit by innervating a different layer of entorhinal cortex. EC: entorhinal cortex, GCL: Granule

cell layer.

Mossy fiber sprouting is an abnormal axonal outgrowth involving the mossy fiber
axons that come from the dentate granule cells. In a healthy brain, the mossy fibers
extend around the CA3 and to the CA2, forming synapses that will continue the trisynaptic
circuit. In epileptic animals and patients, staining of these mossy fibers reveal sprouted
branches that grow the opposite way (Heinemann et al. 1992, Lothman et al. 1992).
Instead of following the parent axon to connect to the downstream trisynaptic circuit
structures, the mossy fibers grow back towards the granule cell layer they originated from.
These mossy fibers can penetrate through the granule cell layer and synapse with the

dendrites of granule cells in the molecular layer. This enables the formation of unintended

10



functional recurrent circuits in the molecular layer (Nadler et al. 1980, Zhang et al. 2012).
Formations of unintended recurrent circuits tend to be very problematic, but there is still
much controversy about whether epilepsy is worsened by more severe MFS or if MFS is

simply a symptom of the disease.

Figure 2. Mossy fiber sprouting (MFS) in the hippocampus.

In a healthy hippocampus, the mossy fibers project from the granule cells, through the hilus, and extend to
the CA3 and CA2. In epileptic patients and animals, these mossy fibers can sprout axons that grow in the
reverse direction (red arrows). These mossy fibers can reach the molecular layer around the dentate gyrus
where the dendrites of the granule cells are located, and can form functional recurrent circuits between

granule cells.

Another point to consider is the location of this recurrent excitation, as these
granule cells serve as a “dentate gate” to protect downstream hippocampal substructures
from excess excitation. As mentioned previously, prolonged seizing activity known as

status epilepticus (SE) can trigger widespread death in the hippocampus but most visibly

11



in the CA3-CAA1, structures directly downstream of the granule cell layer. Granule cells
attempt to protect these downstream substructures through its remarkably low excitability,
propagating only a fraction of the input they receive to downstream areas. In healthy
tissue, granule cells exhibit not only significant feedforward and feedback inhibition but
also possess unexcitable intrinsic characteristics, including a notably hyperpolarized
resting membrane potential, low input resistance, and a relatively high firing threshold
(Heinemann et al. 1992, Lothman et al. 1992, Acsady et al. 1998, Henze et al. 2002,
Coulter 2007 et al, Yu et al. 2013). Conversely, downstream hippocampal regions are
vulnerable to excitotoxicity due to the pyramidal cells ability to generate action potentials
more easily and the highly prevalent intrinsic recurrent excitatory connections there
(Krook-Magnuson et al. 2015). Compromise of these granule cells’ excitability resistance
from the recurrent networks formed by MFS is a leading hypothesis for the dentate gate
theory in epilepsy.

It is currently unknown exactly how mossy fiber sprouting occurs. Some of the most
compelling evidence comes from rapamycin administration in mice (Heng et al. 2013).
These mice did not experience any change in seizure severity but experienced far less
MFS. This would indicate that mTOR inhibition is somehow involved in the process of
MFS, but how exactly it modulates that process has not been explored. There is also
some evidence for a mechanism dependent on hilar neuron loss being responsible for
MFS. This theory is support in various studies both correlational and directly causatively.
Forinstance, in a rat model of temporal lobe epilepsy, the degree of mossy fiber sprouting
has been observed to correspond with the decline of mossy cells, while in patients with

mesial temporal lobe epilepsy, it correlates with the reduction of hilar neurons (Babb et
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al. 1991, Masukawa et al. 1992, Houser et al.1990). However, it's important to note that
the mere loss of mossy cells doesn't fully account for the extensive branching and long-
range reverse projections to the molecular layer. Instead, it may serve as the basis for
mossy fiber sprouting rather than its direct cause. This notion was underscored by a
particular study utilizing a conditional transgenic mouse line expressing the diphtheria
toxin receptor solely in mossy cells (Jinde et al. 2012). The study revealed significant
degeneration of mossy cells throughout the hippocampus's longitudinal axis a week post-
diphtheria toxin injection. Surprisingly, neither spontaneous behavioral seizures nor
mossy fiber sprouting were observed five to six weeks after the toxin injection. However,
an increase in GAD67 immunoreactivity, indicating axonal sprouting in GABAergic
interneurons, was evident two weeks post-injection. Additionally, observations from a
rodent febrile seizure model suggest that mossy fiber sprouting can occur without notable
neuronal loss or aberrant neurogenesis following hyperthermia-induced seizures (Bender
et al. 2003). These findings suggest that while the loss of mossy cells plays a role,
additional seizure-related alterations are likely necessary to prompt mossy fiber sprouting.

What are some of the other structural hallmarks of TLE? The most common
hallmark of human drug-resistant TLE is hippocampal sclerosis (36.4% of cases) followed
by long-term epilepsy-associated tumors (23.6%) and focal cortical dysplasias (19.8%)
(Blumcke et al. 2017). Mossy fiber sprouting (MFS), another common hallmark of TLE, is
when granule cell axons grow in the wrong direction and synapse with their own dendritic
fields (Houser et al. 1990, Sutula et al. 1989). There is significant controversy over
whether these functional recurrent circuits contribute to maintenance and worsening of

epilepsy (Buckmaster et al. 2014). One of the clearest and most significant risk factors
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for onset of mTLE is the occurrence of a seizure during infancy or young childhood,
especially a febrile seizure (seizure resulting from fever). In one cohort of mTLE patients
requiring surgery 78% experienced a febrile seizure during childhood and 94% of those
patients for whose data was available experienced febrile status epilepticus (FSE)
(French et al. 1993). FSE is a more severe occurrence and is classified as a febrile
seizure lasting >30 minutes or multiple febrile seizures without recovery for >30 minutes
(Thurman et al. 2011). However, debate exists whether febrile seizures increase the risk
of mTLE or whether there is underlying dysfunction making the brain more vulnerable to
febrile seizure and mTLE. One prospective study examined acute hippocampal T2
hyperintensity (a proxy of hippocampal damage) in MRI data from children immediately
following FSE to quantify the presence of acute hippocampal damage (Lewis et al. 2014).
If FSE is causing significant acute damage, it could be the reason for increased TLE risk
later in life. But of the 226 FSE patients studied only 22 showed evidence of acute T2
hippocampal hyperintensity, and when 14/22 follow-up MRIs were obtained, 10 exhibited
hippocampal sclerosis. Of the 116 patients who originally showed no acute hyperintensity,
only one exhibited hyperintensity in follow-up MRIs. These studies and many more like it
have served to underscore the relationship between FSE and TLE but do little to clarify
the nature of the connection (Fernandez et al. 1998).

Multiple animal models have been developed to study TLE, each with their own
strengths and weaknesses. Among the most widely used are the kainic acid model and
the pilocarpine model. Both are induced models of epilepsy where a wild type animal is
exposed to an epileptogenic insult (either kainic acid injection or pilocarpine injection) that

causes status epilepticus (SE) (Cherian et al. 2009). Animals surviving SE will
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experience a latency period without any seizures for 1-6 weeks (depending on conditions
and animal model) before potentially developing spontaneous recurrent seizures (SRS)
(Ahmed et al. 2020, Cavalheiro et al. 1991, Curia et al. 2008, Lévesque et al. 2013). The
kainic acid can be administered either systemically or locally into the hippocampus or
amygdala (Araki et al. 2002, Arabadzisz et al. 2005, Drexel et al. 2012). Each injection
area results in different pathologies in the brain. Systemic kainic acid injection avoids the
drawbacks of surgical procedures required for brain injection, but multiple injections may
be needed depending on the mouse which may introduce severity bias (Lévesque et al.
2013). This severity bias can create a range of different epilepsy severities as mice will
experience SE to different degrees, decreasing consistency and introducing unwanted
variation. Pilocarpine induction of SE is usually administered systemically and tends to
yield the damage and dispersion in the hippocampus that are hallmarks of mTLE (Turski
et al. 1983). Additionally, although kainic acid administration does result in damage to the
hippocampus, it does not consistently generate SRS in mice (Lévesque et al. 2013,
lyengar et al. 2015).

Modeling mTLE with kainic acid in rats has led to many important findings over the
decades, but its inability to consistently produce SRS in mice like pilocarpine may limit its
use for studying epileptic progression in some contexts. Because of this the pilocarpine
model has gradually become a very popular model for examining TLE and the evolution
of SRS in mice. Although systemic administration of kainic acid can induce status
epilepticus in mice, it is much more rapid than pilocarpine (Levesque et al. 2016). This
can make distinguishing the stages of epilepsy using the Racine scale difficult. While

pilocarpine also dependably induces SE, the onset and progression are much easier to
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distinguish and score using the Racine scale. Mice treated with the kainic acid induction
of SE also experience increased psychological stress compared to pilocarpine, including
higher degrees of anxiety and exhibiting depression-like behavior (Ratté and Lacaille
2006, Groticke et al. 2008). Additionally, while seizures from kainic acid induced epilepsy
taper off after 22-46 days, pilocarpine-induced epilepsy is more consistent over a longer
timespan, even up to 120 days or even 325 days (Cavalheiro et al. 1982, Cronin and
Dudek 1988, Cavalheiro et al. 1991, Mello et al. 1993). There do remain drawbacks to
the pilocarpine model, chief among them being variable reactions to the drug and
establishment of a consistent protocol. Concentrations used by each experimental group
tend to be individually titrated and are often different between each group. Whether the
concentration and conditions are effective at inducing SRS and maintaining survivability
are highly dependent on age, strain, sex, and individual differences in pharmacokinetics.
Additionally, some groups will omit mice that do not appear to reach a certain severity of
SE, and other groups will even use these less affected mice as controls. Having a wide
variation in reaction to the drug and the development of the phenotype based on this

variable reaction is a significant drawback to this model and other models of induced

epilepsy.

1.4 Modifiers of TLE: Doublecortin-like kinase 1

Gene mutations that cause gross brain malformations resulting in epilepsy are
uncommon, but within that group of mutations cytoskeletal genes are over-represented
(Wang et al. 2017). However, loss of DCLK1 is also required for dysfunction to occur in

many rodent models, and DCLK1 also plays a significant role in neuronal connectivity
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and wiring. To understand the functions of DCLK1 in the brain it is important to understand
its genetics and protein structure.

Doublecortin-like kinase 1 (DCLK1) was originally mapped in 2001 and resides on
human chromosome 13 in the 13913.3 loci (NCBI). The gene spans a locus of roughly
362 kb, with the coding sequence of the longest transcript reaching ~2.2 kb (NCBI). It is
present in various tissues including the colon and heart, but its expression is highest in
the brain (NCBI). Understanding the function of DCLK1 can be complex due to its multiple
splice isoforms, even when just focusing on expression in the brain (Bergoglio et al. 2021).
According to the most recent NCBI data there are 20 exons and 12 unique isoforms that
can be codified by the presence or absence of key domains in the full-length DCLK1
transcript (Burgess et al. 2002). The full-length transcript is a 729 amino acid protein with

a distinct but simple domain assembly (Fig 1).

FL-DCLK1 DCX1 DCX2 PEST Kinase domain Cter tail

1 54 152 180 263 370 648 729
DCL DCX1 DCX2 PEST
CPG16 Kinase domain Cter tail
CARP PEST

Figure 3. Domains of the DCLK1 full-length protein and architecture of splice isoforms.
DCLK1 contains the tandem doublecortin domains that bind MTs, a PEST linker region, a Ser/Thr kinase

domain, and a C-terminal tail.
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The N-terminal portion of DCLK1 shares high homology (~70%) with the DCX protein and
contains two tandem doublecortin domains that are responsible for microtubule (MT)
binding and bundling functionality (Lin et al. 2000). The C-terminal portion of the protein
contains a Ser/Thr kinase domain with high homology to the Ca2+/calmodulin-dependent
protein 1 (CaMKI) kinase domain but differing in its lack of the canonical calmodulin-
binding site (Patel et al. 2016). Sandwiched between the doublecortin domains and the
kinase domain is a 100 amino acid PEST linker region that can be a target of proteolytic
cleavage and may play a role in the MT binding function of the doublecortin domains
(Burgess et al. 2001, Nagamine et al. 2011).

The three splice variants are DCL (kinase domain absent), CPG16 (MT-binding
domain and portion of PEST absent), and the mostly overlooked CARP (everything
absent but portion of PEST) (Bergoglio et al. 2021). Western blot analysis in the late
mouse embryonic stage and up to P30 have shown full-length DCLK1 to consistently be
the isoform with highest expression in brain cortices (Bergoglio et al. 2021). The earliest
detectable expression comes at E11, roughly the same time DCX expression begins
(Deuel et al. 2006). Although DCL is one of the more commonly investigated of the
alternate isoforms, its expression is always dwarfed by DCLK1 and is fractional by P7.
Conversely, CPG16 shows moderate expression in the late embryonic stages before
being robustly expressed into adulthood. In situ data for the isoforms in the hippocampus
reveals distinct patterns between isoforms and hippocampal substructures from PO to
P30. DCLK1 is ubiquitously expressed throughout the hippocampus, CPG16 is present
in the Ammon’s horn, and DCL is relegated to the dentate gyrus and the CA1. High

expression and specific segregation of each of these DCLK1 isoforms in the hippocampus
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may suggest importance for both development and function in this structure throughout

adulthood.

1.5 Cellular and molecular functions of DCLK1

DCLK1 has been a protein of interest in numerous contexts since its discovery and plays
an important role in various important cellular functions in the brain. One of the most
important details for understanding the relevance of DCLK1 is the functional redundancy
it shares with the DCX protein. As mentioned earlier, the N-terminal portion of the DCLK1
protein contains tandem doublecortin domains that allow the protein to bind and bundle
MTs and shares high homology to DCX. This may allow for survival in DCX knockout
mice, as a DCLK1-DCX double knockout shows significant embryonic and perinatal
lethality (Deuel et al. 2006). DCX loss in humans, while not embryonically lethal, does
result in significant developmental defects such as lissencephaly, double cortex
syndrome, a high prevalence of epilepsy, and shortened lifespan (Kaur et al. 2015, des
Portes et al. 1998, Gleeson et al. 1998, Bahi-Buisson et al. 2013, Deuel et al. 2006).
However, DCX knockout mice were found to have a much milder phenotype, experiencing
disrupted hippocampal organization and reduced male lifespan but maintaining normal
neocortical layering (Corbo et al. 2002). Conversely, DCLK1 knockout alone does not
result in severe developmental defects and does not appear to cause epilepsy, although
it's considered a gene of interest in some mental health disorders (Deuel et al. 2006,
Havik et al. 2012, Wu et al. 2012, le Hellard et al. 2009). This redundancy has led many
researchers to investigate the roles of both proteins simultaneously using double

knockout models.

19



While it is common to use the double knockout to investigate DCLK1 function,
many studies have found individual contributions of the protein outside of direct DCX
involvement. Many of these functions relate to its effect on other MT-associated proteins
(MAPs) and cytoskeletal structures. When it was first discovered, DCLK1 was found to
stimulate MT polymerization at physiological concentrations and bundling when
overexpressed (Lin et al. 2000). Further studies exploring this relationship reveal that the
removal of the kinase domain actually increased binding to MTs, and that DCLK1
autophosphorylates its C-terminal tail region to reduce its kinase activity and increase MT
binding affinity (Patel et al. 2016, Shang et al. 2003, Agulto et al. 2021). Ablation of the
C-terminal tail negates all MT binding of the protein, which can be rescued by mutating
phosphosites in the doublecortin domains, indicating MT affinity is dependent on their
lack of phosphorylation (Agulto et al. 2021). This domain assembly may act as an internal
control for the protein’s affinity for MTs, despite the phosphorylations leaving the gross
protein conformation unchanged.

The localization of DCLK1 is tied closely to its functionality. In the developing
neuron, DCLK1 is expressed in the soma and throughout the processes (Shin et al. 2013).
However, although expression is widespread throughout the neuron, the DCLK1
localization is more intense in the tips of the processes. Once the neuron has matured
more, e.g. by DIV25, this intensity is uniform throughout the neuron and doesn’t localize
preferentially at the tips (Shin et al. 2013). Tendency for DCLK1 to localize at the tips of
these growing processes is likely related to its function in the growth of these processes
as it is highly expressed in the growth cones of axons and dendrites (Liu et al. 2012, Shin

et al. 2013). To examine this a group use shRNAs to reduce DCLK1 protein levels and
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examine the effect on numerous parameters of dendritic development in DIV4
hippocampal neurons in vitro (Shin et al. 2013). They found that the total dendrite length
of these knockdown neurons were significantly reduced and it could be rescued by
overexpression of a DCLK1-GFP plasmid by DIV9. shRNA knockdown also decreased
the dendritic complexity of the neurons, with fewer intersections occurring between
dendrites.

Interestingly, while dendritic length and complexity were significantly decreased by
shRNA knockdown of DCLK1, this decrease was not completely mirrored in axonal length
decrease. The mean total axon length for control neurons was ~1250 um, while the mean
total axon lengths for the two tested DCLK1 shRNAs were ~950 um and ~750 um at DIV5.
Although these decreases appear sizable they were not statistically significant using a
Tukey’s test and counting ~30 cells for each group. Other groups have similarly
investigated the effect of DCX and/or DCLK1 knockout on axon length using different
methods and different neuronal ages. One group examined axon length in rat superior
cervical ganglion neurons after DCX/DCLK1 double knockdown using siRNA at DIV4
(Jean et al. 2012). They found that a double knockdown significantly reduced the length
of these axons, although their methodology for neuronal culture is somewhat irregular.
The researchers plated the neurons and allowed growth until DIV3 before they
dissociated and replated the neurons, noting that these neurons under low or medium
density could attach but could not actually extend axons. The researchers used a
treatment of laminin the following day to stimulate axon growth and measured axon length

2-3 hours later. These axonal lengths were very different compared to the previously
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discussed DIV5 neurons, with mean length of the control neurons only reaching ~160 um
and double knockdown neurons reaching ~140 um.

A different group followed a more standard protocol to examine axon growth and
benefited from using control neurons, DCX RNAI knockdown neurons, DCLK1 knockout
neurons, and DCX knockdown/DCLK1 knockout treatment groups (Deuel et al. 2006).
Using these different combinations allowed the researchers to examine both the individual
contributions to axon elongation from DCX and DCLK1 and the combinatorial contribution
from loss of both proteins. At DIV5-6, the axons of control neurons reached a mean
length of 977 um, while the axons of DCX knockdown neurons were significantly shorter
with a mean length of 702 um. Axon lengths from DCLK1 knockout neurons very closely
mirror the DCX knockdown axon lengths, with a mean length of 745 um. Finally, DCX
was knocked down in DCLK1 knockout neurons to test how loss of both proteins affected
axon length. This generated the most striking difference, with most axons not reaching
even 200 um in length and the mean of the axon length being 230 um. These results help
demonstrate just how strongly compensatory these two proteins are. Loss of either
causes a phenotypic defect of a very similar magnitude, while loss of both severely
compounds this defect. Unfortunately, although there are four groups that could be
compared, it appears the researchers did not opt to use Tukey’s test to compare all of the
groups. They instead used two student’s t-tests to compare control vs DCX RNAi and to
compare DCLK1 knockout vs DCLK1 knockout/DCX RNAI. Because of this there was
never statistical analysis carried out to compare DCLK1 knockout neurons and control
neurons, leaving us unsure if loss of DCLK1 alone can significantly contribute to axon

elongation defects from this set of experiments.
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To probe which domains of DCLK1 might be responsible for increasing dendritic
length and complexity, they began by removing the kinase domain. Expression of this
RNAi-resistant kinase-dead mutant did not alter dendritic length or complexity, indicating
that the mechanism responsibly is likely not dependent on kinase activity. The
researchers then replaced the microtubule binding domains of DCLK1 with the MAP2
microtubule binding domain. While MAP2 does localize to dendrites and this chimeric
DCLK1-MAP2 construct was able to bind and bundle microtubules in non-neuronal cell
types, neurons with this chimeric protein suffered decreases in dendrite length and
complexity similar to the DCLK1 knockdown neurons. This result underscores the
importance of DCLK1's microtubule binding specificity, as the tandem doublecortin
domains likely allow DCLK1 to bind either different microtubules or bind to microtubules
in a different manner. While MAP2 and DCLK1 both prefer to bind to tyrosinated (more
dynamic, less stable) microtubules, it is possible that replacing DCLK1’s binding sites
causes DCLK1 to bind too irregularly to perform its function (Lipka et al. 2016). The
change in MT binding domain might also make it more difficult for DCLK1 to accumulate
at the tip of the dendrite, which could impede its function (Lipka et al. 2016).

While the authors of the Shin et al. study make some very interesting observations,
there are some troubling aspects related to their observations related to DCLK1 and its
microtubule association promoting dendritic growth. In their experiments they transfect
with a DCLK1-GFP repeatedly to visualize DCLK1 at the dendritic tip and to observe the
localization throughout the neuron. However, they also comment on the bundling activity
they observe at the dendritic growth cone in the DCLK1-GFP neurons and postulate that

this bundling could be part of the mechanism by which DCLK1 helps to extend dendrites
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and affect dendrite morphology. The authors fail to mention anywhere about how
overexpression of microtubule-associated proteins can cause bundling to occur, even if
those proteins do not bundle microtubules at physiological concentrations. This is despite
both previous observations in their own work that do not appear to show significant
bundling by antibody staining of neurons or based on previous in vitro work done on DCX,
which contains the same microtubule binding domains (Gleeson et al. 1999). Based on
these oversights it is important that we treat possible mechanisms that rely on protein
overexpression with due skepticism, as they often do not reflect the behavior of the protein
at physiological concentrations.

While examining other areas of distinct DCLK1 expression, researchers found it
associated with a biochemically purified PSD fraction possibly corresponding to dendritic
spines (Jordan et al. 2004, Yoshimura et al. 2004, Phillips et al. 2004). Double labeling of
PSD-95 and DCLK1 in hippocampal neurons showed DCLK1 was enriched in the PSD-
95 rich dendritic spine compartments, possibly indicating a functional role in dendritic
spines (Shin et al. 2013). To explore this relationship these researchers overexpressed
DCLK1-GFP using adenoviruses in neuronal culture and found that while PSD-95
immunoreactivity was reduced, it was not due to a decrease in the protein amount. They
found that this increase in DCLK1 expression was actually modifying the presynaptic
structures alongside the dendritic spines. Overexpression caused a decrease in VGLUT1-
positive presynaptic puncta and a decrease in dendritic spines. This decrease in dendritic
spines was accompanied by a decrease specifically in mushroom bodies. When DCLK1
was knocked down using shRNAs, dendritic spine number and volume were both

increased, and the ratio of mushroom bodies was increased as well. These observations
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taken together are evidence that excitatory synaptic development is diminished by
DCLK1.

DCLK1 uses both its kinase domain and MT binding domains to modulate cellular
functions that utilize the cytoskeleton. Researchers have found MAP7D1 is responsible
for complete callosal axon elongation made possible after it is phosphorylated by DCLK1
(Koizumi et al. 2016). DCLK1 is also necessary for mediating the KIF1-dependent
trafficking of presynaptic vesicles and dense core vesicles into dendrites through its
association with MTs (Lipka 2016 et al, Liu et al. 2012). Certain actin-associated
pathways, such as dendritic spine growth and maturation, have been shown to require
DCLK1 binding at specific motifs (Murphy et al. 2023). Additionally, DCLK1 affects
multiple other important neuronal functions with mechanisms that have not been explicitly
attributed to its association with microtubules. Most notably, DCLK1 enables growth cone
formation, growth cone turning, and dendrite length and complexity (Fu et al. 2013, Shin
et al. 2013, Nawabi et al. 2015). Research continues to show new and evolving

understanding of the role of DCLK1 in many fundamental processes in the brain.

1.6  Why study DCLK1 in temporal lobe epilepsy?

While the connection between DCX, neural development, and epilepsy is well-
established, the connection between DCLK1 and epilepsy is more complex. Loss of DCX
results in gross morphological defects in humans, including lissencephaly and subcortical
band heterotopia, which are likely the cause of the dysfunction. While loss of DCX in mice
results in a far less severe morphological difference and no isocortical defects (attributed
to compensation by DCLK1), there are still significant hippocampal abnormalities and

reports of sporadic spontaneous seizures (Nosten-Bertrand et al. 2008, Lapray et al.
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2010). Loss of DCLK1 alone in both human and mouse models also does not appear to
cause gross morphological changes, although some report anatomical differences in the
corpus callosum (Koizumi et al. 2006). However, mice with DCLK1 knocked out alone do
not appear to experience seizures, and require the tandem knockout of DCX for the
appearance of the most severe phenotype (Deuel et al. 2006).

Despite this lack of seizure activity in the DCLK1 knockout mouse, there is
additional evidence it may still play a role in epilepsy even outside of its compensation for
DCX. One study examined changes in gene expression in epileptogenic tissue from
epileptic human patients experiencing tuberous sclerosis or focal cortical dysplasia (Li et
al. 2017). DCLK1 expression was significantly higher in epileptogenic tissue in both sets
of patients, almost double compared to control tissue. This is reminiscent of early findings
from 1999, where a research group identified an mRNA transcript acutely elevated in the
dentate gyrus, CA1, and CA2 of rats after kainate induced seizures (Vreugdenhil et al.
1999). That transcript actually coded for CARP, one of the aforementioned splice variants
of DCLK1. When CARP was artificially overexpressed in mice, researchers found a
decrease in CA3/CA1 excitability (Schenk et al. 2010).

How DCLK1 could affect epilepsy in an activity-dependent manner could be related
to splice variant changes that are a result of activation. One research group used dual
bioinformatics approaches, ANOSVA (ANalysis Of Splicing VAriation) and FIRMA
(Finding Isoforms using Robust Multichip Analysis) to identify acute splice variant
changes in response to kainate induced seizures (Denkena et al. 2020). Mice were given
either a vehicle control or given kainic acid to induce status epilepticus and hippocampal

samples were collected either 1 hour, 4 hours, or 8 hours after injection. DCLK1 splice
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variants were among the most highly upregulated of the genes analyzed using the chip
analysis, showing the most upregulation 1 hour and 4 hours after seizure onset. The
DCLK1 exon showing the clearest upregulation in response to seizure was exon 9,
responsible for a transcript encoding the beginning amino acids of the kinase domain of
DCLK1. These researchers then consulted two additional resources: RNA sequencing
databases from murine hippocampus after seizures and dissociated primary neuronal
cultures after neuronal firing was activated using potassium-induced depolarization.
These additional databases also show that DCLK1 exons 7-9 are upregulated in response
to activity, strong evidence that there is a connection between these exon upregulations
and excitation. Exons 7 and 8 encode transcripts responsible for most of the PEST linker
region, connecting the microtubule-binding doublecortin domains to the kinase domain in
the protein. This activity-dependent change agrees with in vitro experiments that show a
potassium-induced excitation of primary hippocampal neurons triggers similar splicing
changes (Quesnel-Valliéres et al. 2016). While it is unclear how this increase is occurring
or what its function is, there is one report that examined changes in microRNAs in the
dentate gyrus of epileptic rats (Zhang et al. 2017). The microRNA most consistently
downregulated in epileptic rats was Rno-miR-187-3p, which only targets a handful of
genes, one of them being DCLK1. Conversely, researchers found that DCLK1 expression
was significantly downregulated in a mouse model with overactive calcium channels and
dysregulated Ca2+ response that caused seizure-like events (Majewski et al. 2019).
Although multiple lines of research have shown DCLK1 expression changing in
response to epilepsy, there have been no studies that have explored that further.

Significant phenotypic differences in a DCX knockout mouse require loss of DCLK1, yet
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DCLK1 has been completely neglected concerning studies examining its effect in epileptic
animals. This is all compounded by the fact that DCLK1 is highly expressed in every
segment of the hippocampal circuit, contributes significantly to synaptic connectivity, and
is important for numerous aspects of neuronal development. Considering TLE is a
disease involving dysfunctional circuit remodeling in the hippocampus, the role of DCLK1

in this process requires further inquiry.
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2 Materials and Methods

21 Animals and mouse model

Mice were housed in split cages with no more than 4 animals per cage and adhered to all
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
facility guidelines. Care guidelines and procedures strictly adhered to National Institutes
of Health Guide for the Care and Use of Laboratory Animals and was approved by the
Institutional Animal Care and Use Committee at Brown University (protocol 20-10-002).
DCLK1 floxed mice were obtained from The Jackson Laboratory (strain #: 013170). All
founder mice were backcrossed at least three times to The Jackson Laboratory C57BL/6J
(strain: #000664) background.

Experimental mice were genotyped using a polymerase chain reaction (PCR). The WT
forward primer (5-CAGGACACAGATGGGGAACT-3’) was used with the mutant forward
primer (5-CTTCCCACTGATATGTTCATTC-3’) and a common reverse primer (5'-
AGTGAGATGGTTTACAGGCAAG-3’). The thermocycler conditions used were: 95C for
3 min before 34 cycles of 95C for 30 sec, 62C for 45 sec, then 72C for 1 min with a final
extension at 72C lasting 5 min. PCR products were run on a 1.5% agarose gel and
imaged. The wild type fragment amplifies at 382 bp while the mutant fragment is 480 bp.
DCLK1 f/f mice were crossed with a female ZP3 cre mouse from The Jackson Laboratory
(strain #: 003651) to acquire females with +/- offspring which were then crossed again to

acquire full knockout progeny. Loss of gene expression was verified using western blot.

2.2 Pilocarpine induction of epilepsy

29



Mice were handled 1 day prior to pilocarpine induction to ease stress and improve survival
during SE. Pilocarpine concentration was either 335 mg/kg at ~ZT6 for mortality and
Western blot experiments or 250 mg/kg at ~ZT10 for all other experiments. 8-10 week old
mice were given 22.5 mg/ml ethosuximide, 0.3 mg/ml methylscopalamine, and 0.3 mg/ml
terbutaline hemisulfate 30 min prior to pilocarpine injection. After pilocarpine injection
mice were monitored for 30 min to ensure successful SE induction by continuous behavior
at Racine score >2.5. Racine score is a scoring system to grade a seizure’s severity from
0-5 (Racine 1972). 0 is no abnormal activity, 1 is mouth and facial movements, 2 is head
nodding, 3 is forelimb clonus, 4 is rearing, 5 is rearing and falling. After 2 hrs of continuous
SE mice were given 10 mg/kg diazepam and 1 ml Ringer’s solution. Mice were placed
back in original cages with heating pads and access to hydrating diet gel. Mice were
monitored for 3 days afterwards and additional hydration with Ringer’s solution was

administered as needed.

2.3 Electroencephalography depth electrode implantation

4 month old mice were deeply anesthetized using continuous flow isoflurane and given
buprenorphine (0.5 mg/ml, 0.1 mg/kg) prior to surgery. Mice were placed in a stereotaxic
frame on a heating pad for the duration of the surgery. While under anesthesia the head
was shaved, sterilized with povidone and ethanol, and lidocaine was injected
subcutaneously under the scalp at target incision area. The area was sterilized again with
ethanol and betadine before incisions revealing the scalp were made. The exposed skull
was then sterilized with hydrogen peroxide before application of 1 drop of iBond. After UV
hardening for 40 secs, a sharpie was used to denote drill points for the three leads. First

a marking point was established 2 mm posterior to the bregma on the midline. Then two
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drill points were then established by marking the points 2 mm to the left and right of that
marking point. The hippocampal and cortical drill points were established as those 2 mm
to the left and right of the point 2 mm posterior of the bregma. The cerebellar drill point
was located 1 mm posterior of the lambda along the same line as the midline. Holes were
then drilled at those three spots. A headset (853-43-006-20-001000, Sager electronics)
with wire leads soldered on with lengths 0.3 cm (hippocampus), 0.1 cm (cortex), and 0.3
cm (cerebellum) were then inserted through the drill sites. The EMG leads were 1 cm and
inserted to make contact with the muscles of the upper back. Dental cement was then
mixed and applied to seal and solidify the headset on the skull. Super glue was used to
stabilize the edges of the dental cement. After removal from the frame mice were placed
on a heating pad for at least 30 min to recover and regain ambulation before returning to
a cage. Sirenia software was used to collect and analyze EEG data. Sirenia sleep was

used to calculate power spectral analysis data and sleep/wake bouts and duration.

2.4  Sleep architecture quantification

Sleeping data was collected starting at 7 am of the second day of recording and lasting
24 hours for all forms of EEG analysis. Sleep and wake cycles were determined based
on hippocampal and cortical EEG, traces on the EMG, and visual inspection from video
recording. A change in the sleep or wake cycle lasting less than 30 seconds was excluded
from analyses that quantified bouts of sleep. Characteristics of wakefulness and sleep
such as bout number, average duration, and total duration were quantified using Sirenia
Sleep Pro. This was done by labeling all sleeping and waking periods and using default

software settings to average and total duration. Bout number was also calculated by the
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software using default settings and is a count of the discrete numbers of sleeping and

waking periods. Researchers were blinded to the genotype and treatment of the mice.

2.5 Immunohistochemistry

Brain acquisition and preparation

Mice were given a lethal dose of pentobarbitol and loss of consciousness was validated
by toe pinching and a blink reaction to a paintbrush. The absence of a blink reaction is a
measure of corneal reflex, used to confirm a loss of consciousness or death. Mice were
then transcardially perfused with 30ml cold PBS followed by 30ml of cold 4%
paraformaldehyde (wt/vol) at pH 7.4. Brains were then stored in 4% PFA for 48 hours
before being stored in 30% sucrose until saturated for cryoprotection. To slice the brain
we used a Micro HM 430 freezing microtome (Thermo Scientific) and cut sections 30um
in thickness. Slices were then stored in an anti-freezing solution at -20C until antibody
staining.

Staining

Slices stored in anti-freezing solution were rinsed in PBS before staining. Slices were
then blocked and permeabilized in a pH 7.4 PBS solution containing 0.05% Triton-X100
and 10% goat serum for 1 hr in a 24 well plate. Antibodies were then applied in specified
dilutions in primary solution (antibody, 5% goat serum, PBS pH 7.4). Slices incubated in
primary solution overnight at 4C. The next day the primary solution was removed and
slices were washed for 10 min in pH 7.4 PBS for ten minutes 3 times. After washing the
secondary antibody solution was applied, consisting of PBS pH 7.4 and a 1:500 dilution
of secondary antibody. Slices were incubated in secondary antibody solution for 2 hrs in

the dark. Secondary antibody solution was then removed and replaced with a 1:2000
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solution of Hoechst 33342 solution (Invitrogen, H3570). This incubated for 10 minutes
before being removed and washed three times with PBS pH 7.4. Slices were then placed
on slides and mounted with Fluoromount-G (Cat#0100-01, Southern Biotech,
Birmingham, AL). Mountant was allowed to harden at least 48 hours before imaging.
Coverslips were sealed using a clear nail polish. Samples were then stored at 4C. Slides
were imaged using an Olympus FV3000 confocal microscope and processed using

ImageJ.

2.6 Timm staining

We utilized the FD Rapid TimmStain Kit (FD NeuroTechnologies) for perfusant and
visualization of mossy fibers. Instructions for perfusing were followed as provided in the
kit using the provided perfusant. Brains were sliced on a freezing microtome at -30 C and
cut at a 30 micron thickness. Subbed slides were used for mounting the slices for staining,
all other steps for staining and washing were done as outlined in the instructional manual.
Slides images were captured at 4X, 10X, or 20X on a Nikon Ti2-E fluorescence
microscope. Mossy fiber sprouting severity was scored from 0-5 as described in Cavazos
et al. 1991. The scoring system is as follows: 0, no granules; 1, sparse granules in the
supragranular region; 2, increasingly numerous granules in the supragranular region, less
patchy with a more continuous distribution; 3, prominent granules in the supragranular
region with occasional confluent patches; 4, prominent granules within the supragranular
region forming a confluent dense band; 5, confluent dense band of granules extending

into the inner molecular layer.

2.7 Immunocytochemistry
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Primary neurons grown on coverslips were fixed by immersion in 4% Paraformaldehyde
with PBS pH 7.4 at 37C for 10 min to preserve MT structure. Cells were then washed
three times with room temperature PBS pH 7.4. We permeabilized the cells by immersing
them in a 0.1% Triton X-100 mixture for 10 min. They were then washed again in PBS
three times. Cells were then incubated in a blocking solution containing: 10% goat serum
and 0.1% Triton X-100 in PBS for 30 minutes. Cells were then incubated with a primary
antibody solution for 2h comprised of: 5% goat serum, 0.1%, and the specified
concentration of primary antibodies in PBS. After this incubation cells were incubated for
ten minutes in a 1:2000 hoechst 33342 solution (Invitrogen, H3570) in PBS for 10 min
before being washed two times in PBS for 10 min. Coverslips were then mounted onto
slides using Fluoromount and allowed to harden overnight. Coverslips were imaged using

the Deltavison OMX (General Electric) using a 0.014 optical oil (General Electric).

2.8 Antibodies

Immunochemistry

The following antibodies were used for staining brains: DCLK1 (Abcam, ab31704, 1:500),
Parvalbumin (#P3088, Sigma Aldrich,1:400), Somatostatin (Peninsula labs, T-4103.0050,
1:, 1:500), Calretinin (Swant, CG1, 1:600). Primary cells were stained with: DCLK1
(ab31704, 1:500), Znt3 (SYSY, 197 004, 1:1000), Calbindin (Swant, CB38, 1:500), VGAT
(Synaptic systems 131 004, 1:1000), Prox1 (Novus, 30045, 1:500). Western blots were
stained with: DCLK1 (ab109029, 1:2500), GAPDH (Merck Millipore, ABS16, 1:2500),
DCX (Merck, AB2253, 1:2500). All secondary antibodies were Alexa fluors acquired from

Invitrogen at 1:5000.
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2.9 Western blot

Brain acquisition and preparation

Mice were cervically dislocated and decapitated with scissors. The whole intact brain was
removed with forceps and surgical scissors. The brain was then separated into different
sections (hippocampus, cortex) using a razor blade. Brain sections were put on dry ice
before being put into storage at -80C. For western blotting preparation brains were
homogenized in a dounce homogenizer with 1% protease inhibitor in RIPA buffer. Brain
tissue samples were centrifuged for 15 min at 4°C at 13,200 RPM. Protein was quantified
using a BCA analysis. Samples were mixed with Laemmli buffer and run at roughly 30 ug
of protein per sample. Samples were run for approximately 1hr at 100V on an NuPAGE
4%-12% SDS-polyacrylamide gels (Invitrogen) and transferred onto a PVDF membrane.
Membranes were then blocked for an hour before being incubated with the primary
antibodies in blocking buffer overnight. Membranes were washed 3x with TBST for 5 min
each before secondary antibody in blocking buffer was introduced for 1h. This was then
washed off again 3x with TBST for 5 min each before being imaged on a Li-Cor Odyssey
CIx Infrared Fluorescent Western Scanning / Imaging System. All proteins were

normalized to a loading control mentioned (e.g. GAPDH).

2.10 Dissociated primary hippocampal neuronal culture

Hippocampal neurons were acquired and plated as previously described (Ouyang et al.
2013). Cells were seeded at a density of 3.0 x 10¢/ml into Neurobasal medium with 2%
114B27 and 1% Glutamax supplementation. Cultured neurons were fixed using 4% PFA

at DIV 10.
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2.11 FluoroJade-B staining

Neuronal degeneration was visualized three days post pilocarpine-induced SE using the
gold standard anionic fluorescein derivative FluoroJade B (Millipore Sigma 32160702).
Brains were sliced as previously mentioned from the Immunochemistry section and
mounted on gelatin-coated slides. Slices were stained with Fluoro-jade B solution

according to previously published work (Botterill et al. 2019).

212 Local field potential recording

Mice were briefly anesthetized with isoflurane before cervical dislocation and
decapitation. The skull and brain were immediately immersed in ice cold Sucrose-ACSF
(90 nM sucrose, 80 mM NaCl, 24mM NaHCO3, 10 mM glucose, 3.5 mM KCI, 1.25 mM
NaH2PO4 monobasic, 5 mM MgCI2 hexahydrate, 1 mM CaCl2) with a constant supply of
oxygen being bubbled into solution. Osmolarity of solutions was measured using the
model 3320 Osmometer (Advanced Instruments Inc). Brains were sliced on a Leica
VT1200S vibratome at 0.16 mm/s, 1.00 mm vibration, at a 300 um thickness using
Double-edge blades (Ted Pella Inc, #121-6). Slices were allowed to rest 45 mins in room
temperature ACSF (130 mM NacCl, 24 mM NaHCQO3, 10 mM glucose, 3.5 mM KCl, 1.25
mM NaH2PO4 monobasic, 2 mM MgClI2, 2 mMCaCl2) with a constant supply of oxygen
being bubbled in before recording. The recording chamber is by Scientific Systems
Design Inc, using a Peri-star Pro pump (World Precision Instruments) that flows
oxygenated ACSF over slices at 3 ml per min. The slices were visualized in the chamber
using an AmScope LED-144 illumination microscope. Glass pipettes for stimulation and
recording were drawn using a P-1000 Flaming/Brown micropipette puller (Sutter

Instrument) with 1 MQ resistance. The Digitimer Neurolog System model NL905 was
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used as an amplifier. Power for stimulations was provided by a Constant Current Isolated
Stimulator (Digitimer Ltd) through an A-In NL100 electrode, and for series of currents
applied the current was increased manually by 20 uA for each step. Each step was
stimulated and recorded twice and the average was taken for each power.

pClamp was the software used for stimulating and recording LFP. The number of
population spikes was recorded as the measured number of spikes at the highest current
injection (320 uA) in the slice. For measuring population spike threshold the lowest current
injection that elicited a population spike was used. Clampfit 11.2 was used to measure
the initial slope of the fEPSP. The initial slope of the fEPSP was measured as the slope
of the line made by two points, one at the center of the trough and one at the peak of the
fEPSP.
2.13 Epileptiform activity identification in sleep and wake
For each mouse sleep was evaluated for establishment of baseline sleeping brain activity,
based on prolonged periods of sleep time with no interruption. This baseline value
included amplitude maxima that fell within a normal range of baseline brain activity. When
identifying spikes, we looked for activity with characteristic sharp rise and decline wave
patterns that had amplitudes ~2 times greater than the baseline brain patterns for sleep.
Usually these discharges were much greater than this threshold and easily identifiable as
a contrast from a quiet sleeping background. Mice were video recorded 24 hours a day
so any spikes were double checked by visual observation and EMG recording to make
sure no movement was confounding EEG activity. Seizure events while awake were
determined by rhythmic >3 Hz deflections continuously repeated for at least 5 seconds

with accompanying behavioral reaction of Racine 3 or higher.
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2.14 Statistical analysis

The criterion for significance is always set at p < 0.05. All graphical data is expressed as
the mean with the SEM. All statistical tests used (student’s t test, ANOVA/Tukey’s test,
Fisher's exact test) were performed in Prism (Graphpad). Trends are occasionally
designated when groups may appear somewhat different but significance may be
hampered by sample size or variance. The only post-hoc test used (Tukey’s test) is
corrected for multiple comparisons inherently. Quantification or observation of any kind

for all treatment groups were blinded whenever possible.
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3 Results

3.1 DCLK1 expression is increased by pilocarpine-induced SE in mice

There have been several studies reporting an increase in DCLK1 or its transcript variants
in epileptic brains or tissue. These studies have been done using human tissue or using
rats and their acute response to a kainate-induced seizure (Vreugdenhil et al. 1999, Li et
al. 2017, Denkena et al. 2020). While useful, no studies up to this point have investigated
whether the expression of full-length DCLK1 changes in a mouse model of epilepsy,
either acutely or over a greater span of time. To answer this question we took two month
old mice and induced SE using 335 mg/kg of pilocarpine hydrochloride. These mice
hippocampi were then collected either one day, seven days, or 60 days post SE. We then
performed Western blot analysis on these brains to and compared them to control mice
to determine whether DCLK1 expression was acutely or latently increased. We found that
expression did not significantly change one day or seven days post injection, but was
greatly elevated 60 days post injection (Figures 4A and 4B). This increase agrees with
literature showing increases in DCLK1 in epileptic humans (Li et al. 2017). Based on

these observations it appears that DCLK1 expression increases during chronic epilepsy.

3.2 DCX expression is unchanged by pilocarpine-induced SE in mice

Many of the experiments investigating DCLK1 functionality have been coupled with DCX
because of their compensatory mechanisms. DCX is also a marker for newborn neurons,
especially in the dentate gyrus, a site where neurogenesis commonly occurs
(Spampanato et al. 2012). Adult neurogenesis can be stimulated by seizure, increasing

the number of newborn granule cells up to two weeks after SE in rats (Parent et al. 1997).
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To see whether DCX expression is increased concomitantly with DCLK1 expression after
pilocarpine treatment, we performed a Western blot analysis on the same pilocarpine-
treated animals. We found DCX expression was not significantly changed during any time
period after SE (Figures 4C and 4D). This is helpful for understanding any changes
resulting from pilocarpine-induced epilepsy are unlikely to be attributable to increases in

DCX, and that the response to pilocarpine is specific to DCLK1.
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Figure 4. DCLK1 is expressed throughout the hippocampus and its expression is increased in
epileptic mice.

A, DCLK1 expression in the hippocampus without pilocarpine injection and expression 1 day, 7 days, and
2 months after pilocarpine injection in WT mice. All mice were 2 months old at time of injection; n=3 for
each group of mice. B, Western analysis of DCLK1 protein concentration 1 day, 7 days, and 2 months after
pilocarpine injection reveals an increase 2 months after injection. DCLK1 expression was normalized to
GAPDH expression, and treated groups were normalized to the WT expression set at one. Groups were
analyzed with a one-way ANOVA (*p < 0.05, asterisk over the bar). C, DCX expression in the hippocampus

from the same mice as figure (A). D, Western analysis of DCX protein concentration 1 day, 7 days, and 2

41



months after pilocarpine injection shows no change in DCX protein level. DCX expression was normalized
to GAPDH expression, and treated groups were normalized to the WT expression set at one. Groups were
analyzed with a one-way ANOVA (*p < 0.05, asterisk over the bar). E, DIV10 hippocampal neurons with
granule neuron markers show robust DCLK1 expression. Scale bar: 10 um. F, DCLK1 expression appears
to be slightly higher in the hilus and adjacent CA3 in WT mice 2 months after pilocarpine injection. Scale

bar: 100um.
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3.3 DCLK1 is expressed in immature granule cells

The first region of the hippocampus that receives input from the entorhinal cortex is the
middle and outer layers of the molecular layer, where they synapse with the dendrites of
the granule cell layer. This array of cells is mostly comprised of granule cell neurons, a
class of neuron characterized by its infrequency in propagating electrical signals
downstream to the rest of the hippocampus, serving as a “gate” of sorts (Krook-Magnuson
et al. 2015). This lack of electrical signal propagation is critical for the health of these
downstream hippocampal substructures, as they are vulnerable to excess electrical signal
and require full functionality of this gating function. These granule cells are also one of
the few neuronal cell types that participate in adult neurogenesis, with substantial
consequences on epilepsy progression (Jain et al. 2019). To identify whether DCLK1 is
expressed in these immature granule neurons we plated dissociated mouse hippocampal
neuron cultures and performed immunostaining at DIV10. By costaining with multiple
markers we identified granule neurons and found robust expression of DCLK1 (Figure
4E). This would indicate that DCLK1 is strongly expressed in the dentate granule cells of

the hippocampus.

3.4 DCLK1 expression may be increased in early trisynaptic circuit

Based on Western blot analysis we found that DCLK1 expression in the hippocampus is
significantly increased in epileptic animals. To determine where this expression is
occurring we stained the hippocampus for DCLK1 and compared wild type mice with mice
injected with pilocarpine two months prior (Figure 4F). Both groups of mice exhibit strong
DCLK1 expression throughout the hippocampus, clearly illuminated in processes in the

hilus, extending apically and basally around the CA3, and extending to the CA2 and CA1.
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There appears to be slightly increased expression of these processes in the hilus and
around the CA3 of the animals that received pilocarpine two months prior. Interestingly,
these processes in the hilus do not appear to be the contribution of solely mossy fibers,
as Znt3 staining of mossy fibers causes complete saturation of the hilus where individual
processes are unable to even be distinguished. Such is the case for Timm staining of
mossy fibers as well. This would indicate that chronic epilepsy is causing upregulation in

the initial segments of the trisynaptic circuit.

3.5 Zona pellucida 3 (ZP3) cre is effective for embryonic DCLK1 deletion

Previous experiments have shown that DCLK1 deletion early in mouse development does
not adversely reduce mouse viability or survival and would still capture any potential
developmental defects (Deuel et al. 2006). This allows for technical advantages in an
embryonic knockout breeding scheme while still allowing for evaluation of a full knockout
and any potential developmental defects that may contain altered brain circuitry. To knock
out DCLK1 embryonically we utilized a cre recombinase regulated by the mouse Zona
pellucida 3 (Zp3) promoter to recombinantly remove a floxed region in DCLK1 exon 3 (de
Vries et al. 2000, Koizumi et al. 2006). We then performed western blot analysis to detect
presence of DCLK1 in wild type, heterozygotic deletion, and full deletion hippocampus
and cortex (Figure 5). We found high expression of DCLK1 in wild type mice, diminished

expression in heterozygous knockouts, and absence of expression in full knockout mice.
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Figure 5. Zp3 regulated cre recombinase effectively ablates DCLK1 expression.
Western blot analysis of adult mouse brain lysates from both the hippocampus and cortex reveals Zp3-cre

effectively deletes DCLK1 with mice containing the floxed alleles.
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3.6 DCLK1 knockout mice have lower survival rates from pilocarpine-induced
SE
To understand the role of DCLK1 in an induced epilepsy model we injected 2 month old
mice with 335 mg/kg pilocarpine at ZT6 to trigger status epilepticus (SE) with the hope
the mice would later develop spontaneously recurrent seizures (SRS) (Figure 6A). In wild
type mice this yielded roughly a 50+% survival rate (Figure 6B). However, injecting
knockout mice using the same treatment resulted in a much lower survival rate, with only
~10% of animals surviving SE. This high lethality for epilepsy induction is too high of a
technical hurdle for efficient generation of epileptic DCLK1 knockout mice. To circumvent
this we lowered the pilocarpine concentration to 250 mg/kg and injected the animals at
ZT10, a time of day where SE is less severe and less lethal in other mouse models of
epilepsy (Zhang et al. 2021). This increased the survival rate for DCLK1 knockout mice
to a level likely severe enough to generate SRS while still allowing for enough survivability
for sample size requirements (Figure 6B). If loss of DCLK1 was a factor for SE induction
it would be useful to know how the seizure threshold is affected. To test for changes in
seizure threshold we took mice of each genotype with and without pilocarpine and tested
the latency to spiking activity using an implanted EEG after injection of pentylenetetrazole
(PTZ), a GABA-A receptor antagonist that triggers seizures (Shimada et al. 2018, Dhir et
al. 2012, Watanabe et al. 2013). Although there was a trend for DCLK1 knockout mice
post pilocarpine injection, overall there was no significant difference between groups
(Figure 6C). These results indicate that DCLK1 knockout mice have a similar seizure

vulnerability to wild type mice but are more susceptible to death from status epilepticus.

3.7 DCLK1 knockout mice have more FluoroJade+ cells after SE
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Quantifying damage to a hippocampus can be challenging, but one clear way to visualize
acute neuronal death is using the FluoroJade stain to identify degenerating neurons (Jain
et al. 2019, Botterill et al. 2019). We injected wild type and knockout mice with 250 mg/kg
pilocarpine and perfused them three days later before staining. To quantify the number
of degenerating neurons in the hippocampus we first attempted a fluorescence intensity
quantification but highly variable amounts of background fluorescence reduced the
reliability of this method for our samples. We then resorted to cell counting for each region
of the hippocampus, combining CA3, CA2, and CA1 to avoid ambiguity in where the CA2
starts and ends. Unsurprisingly the granule cell layer had very little cell death, while the
hilus had more FJ+ cells (Figure 6D). This is likely due to the granule cell layer being
mostly composed of the excitation-resistant granule cells. However, DCLK1 knockout
animals had more FJ+ cells in their CA1-CA3 and greater total FJ+ cells overall in the
hippocampus (Figure 6E-6G). This greater number of FJ+ cells would indicate that the

DCLK1 knockout mice are more vulnerable to pilocarpine-induced neuronal death.
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Figure 6. DCLK1 knockout mice are more susceptible to death and hippocampal damage from
pilocarpine administration.

A, Schematic illustrating the pilocarpine administration protocol for inducing epilepsy. B, Knocking out
DCLK1 negatively affects the survival chance of pilocarpine administration at multiple concentrations.
Percent survival between genotypes at 335 mg/kg of pilocarpine at ZT6 and at 250 mg/kg of pilocarpine at
ZT10; analyzed by Fisher’s exact test between groups (*p < 0.05, asterisk over the bar). For 335 mg/kg:
WT n=9, Het n=14, KO n=19. For 250 mg/kg: WT n=20, Het n=32, KO n=23. C, The latency to seizure after
PTZ injection in 4 mon old mice is not significantly different between genotypes or treatment groups. For
WT n=5, Het n=5, KO n=5, WT + pilocarpine n= 6, Het + pilocarpine n=3, KO + pilocarpine n=6. D,
Fluorojade staining of the hippocampus of two month old wild type and knockout mice three days after 250

mg/kg pilocarpine injection; scale bar is 100 um. E, Knockout mice have more fluorojade positive cells
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throughout the hippocampus (GC, hilus, and CA3/CA1) than wild type mice three days after a 250mg/kg
pilocarpine injection by student’s ¢ test (*p < 0.05, asterisk over the bar). WT n=9 and KO n=6 F, Defining
the boundaries for individual cell counts of Fluorojade positive cells in the Granule Cell Layer (GCL), Hilus,
and CA3/CA1. Scale bar is 100 um. G, Counts for FJ positive cells in each region of the hippocampus
shows insignificant trends in the GCL and hilus and a significant increase in the knockouts in the CA3/CA1
by student’s t test (*p < 0.05, asterisk over the bar). GCL: WT n=10, KO n=6; Hilus: WT n=10, KO n=6;

CA3/CA1: WT n=10, KO n=6.
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3.8 DCLK1 knockout mice post pilocarpine have fewer hippocampal PV+
neurons

In both patients and animal models of epilepsy, inhibitory interneurons are often reduced
(Rosen et al. 1998, Houser et al. 1986, de Lanerolle et al. 1989, Marco et al. 1996, André
et al. 2001). They help represent the critical inhibition portion of the excitation/inhibition
imbalance often found in epilepsy. If there was a change in the number of these
interneurons in the hippocampus of DCLK1 knockout mice, it could help explain changes
in excitation/inhibition imbalance that might affect the phenotype. We stained the
hippocampus of two month old wild type and DCLK1 knockout mice for Parvalbumin (PV),
a marker of a major inhibitory interneuron subtype. We found no difference in the PV+
cell number in the hippocampus between wild type and DCLK1 knockout mice (Figure
4A, 4C, and 4D). To see if this remained true in epileptic mice, we stained for PV in the
hippocampus of wild type and DCLK1 knockout mice two months after both groups
received pilocarpine (Figure 7B-7D). We found pilocarpine-treated DCLK1 knockout mice
had fewer PV+ cells in the hippocampus than pilocarpine-treated wild type mice. DCLK1
may have a protective effect on these interneurons during status or a worse epilepsy

phenotype from lack of DCLK1 could be responsible for the loss.
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Figure 7. Pilocarpine-treated DCLK1 knockout animals have reduced numbers of PV positive cells

compared to pilocarpine-treated wild type animals.



A, PV antibody staining of 2 month old mouse hippocampi reveals no change in positive cells in knockout
mice compared to wild type mice. Scale bar is 100 um. B, PV antibody staining of 4 month old mouse
hippocampi (two months post pilocarpine injection) reveals a decrease in positive cells in the pilocarpine-
treated DCLK1 knockout mice. Scale bar is 100 um.. C, Higher power magnification of PV antibody staining
of 4 month old mouse CA1 shows a decrease in positive cells in the pilocarpine-treated DCLK1 knockout
compared to the pilocarpine-treated wild type. Scale bar is 30 um. D, PV positive cell counts show fewer
cells in pilocarpine-treated DCLK1 knockout animals compared to pilocarpine-treated wild type animals by
student’s t test (*p < 0.05, asterisk over the bar); n=6 for WT, n=8 DCLK1 knockout, n=8 for pilocarpine-

treated wild type and n=8 for pilocarpine-treated DCLK1 knockout animals.
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3.9 DCLK1 knockout mice post pilocarpine have fewer hippocampal SST+
neurons
Somatostatin (SST) positive interneurons are the other major subtype of GABAergic
inhibitory interneuron found in the brain. To gauge if there were any differences with this
subtype we again stained the hippocampus of 2 month old wild type and DCLK1 knockout
mice, this time for SST. We found that there was no significant difference in SST+ cell
number between these groups (Figure 8A, 8C, and 8D). When we compared wild type
mice and DCLK1 mice two months after both groups had received a pilocarpine injection,
we found that DCLK1 knockout mice had fewer SST+ cells in the hippocampus (Figure
8B-8D). Based on this immunostaining it appears that DCLK1 knockout mice are being
affected by pilocarpine more than wild type mice and this is being reflected in greater

losses of both interneuron sub types.
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Figure 8. Pilocarpine-treated DCLK1 knockout mice have reduced numbers of SST positive cells

compared to pilocarpine-treated wild type mice.



A, SST antibody staining of 2 month old mouse hippocampi shows no change in SST positive cells in
knockout mice compared to wild type mice. Scale bar set at 100 um. B, SST antibody staining of 4 month
old mouse hippocampi (two months after pilocarpine injection) shows a decrease in positive cells in
pilocarpine-treated DCLK1 knockout mice. Arrows indicate examples of SST positive cells; scale baris 100
um. C, Higher power magnification of SST antibody staining of 4 mon old mouse CA1 segment shows a
decrease in SST positive cells in the pilocarpine-treated DCLK1 knockout compared to pilocarpine-treated
wild type. Scale bar is 30 um. D, SST positive cell counts show fewer positive cells in pilocarpine-treated
DCLK1 knockout animals compared to the pilocarpine-treated wild type animals by student’s t test (*p <
0.05, asterisk over the bar); n=7 for WT, n=8 DCLK1 knockout, n=7 for pilocarpine-treated wild type and

n=8 for pilocarpine-treated DCLK1 knockout animals.
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3.10 DCLK1 knockout mice post pilocarpine have more Calretinin+ cells

When studying the DCX knockout mouse, many reported few changes without deleting
DCLK1 as well. However, in one of these studies researchers did find DCX knockout mice
that experienced seizures and significant perturbations in EEG (Nosten-Bertrand et al.
2008, Lapray et al. 2010). One of the hallmark changes in these epileptic mice was an
increase in Calretinin+ cells, a change also found in other genetic models of epilepsy, and
observed in the kainic acid model (Rattimann et al. 2004, Nosten-Bertrand et al. 2008,
Jessberger et al. 2005). To measure this we took wild type and DCLK1 knockout mice
injected with pilocarpine two months prior and stained the hippocampus for Calretinin
(Figure 9). We counted Calretinin positive cells near the subgranular zone (SGZ), which
is where newly generated granule cells reside. We found that pilocarpine-treated DCLK1
knockout mice had significantly more Calretinin positive cells in this zone than their
pilocarpine-treated wild type counterparts, possibly as a result of a more severe epileptic

phenotype.
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Figure 9. Pilocarpine-treated DCLK1 knockout mice have increased numbers of Calretinin positive
cells compared to pilocarpine-treated wild type mice.

A, CR antibody staining of 4 month old mouse hippocampi (two months after pilocarpine injection) shows
an increase in positive cells in pilocarpine-treated DCLK1 knockout mice. Scale bar is 100 um. B, CR
positive cell counts show more CR positive cells in pilocarpine-treated DCLK1 knockout animals compared
to the pilocarpine-treated wild type animals by student’s f test (*p < 0.05, asterisk over the bar); n=7 for

pilocarpine-treated wild type and n=8 for pilocarpine-treated DCLK1 knockout animals.
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3.11 DCLK1 knockout mice exhibit increased mossy fiber sprouting post
pilocarpine
Mossy fiber sprouting (MFS) is a complex anatomical change that takes place in the
hippocampus of many TLE patients and animal models (Nadler et al. 1980, Sutula et al.
1989). After an epileptic insult the axons of granule cells may sprout axon branches that,
instead of growing towards the CA3/CA2, grow the opposite way towards their own
dendritic arbors. Here they can form functional recurrent circuits, and many questions
have been raised about how this aberrant recurrent circuit formation may affect epilepsy
development and progression (Danzer et al. 2017). To determine if MFS is affected by
DCLK1 knockout we performed Timm stains on each genotype with and without
pilocarpine (Figure 10). None of the untreated mice of any genotype showed any
significant MFS. When we stained the pilocarpine-treated animals, we found that
knockout mice did exhibit significant MFS, and significantly more than any other
group. Based on these observations it appears DCLK1 suppresses epilepsy-induced

mossy fiber sprouting.
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Figure 10. Pilocarpine-treated DCLK1 knockout animals experience more severe MFS than
pilocarpine-treated wild type animals.

A, Experimental timeline for pilocarpine induction, epilepsy onset, and sacrifice for staining mossy fibers
via Timm stain. B, Hippocampal brains experiencing MFS show a highly similar pattern of Timm staining to

brains without MFS, with the exception being the characteristic darkening of the granule cell layer and
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molecular layer. Scale bar set at 100 um. C, Timm staining of 4 month old hippocampal slices of varying
genotypes and with or without pilocarpine injection 2 mon prior. Scale bar is set at 100 um. D, Higher
magnification images of Timm stained hippocampal slices show minimal MFS in pilocarpine-treated wild
type animals and increased MFS in pilocarpine-treated DCLK1 knockout animals. The molecular layer (ML),
granule cell layer (GCL), and hilus are delineated. Scale bar is 50 um. E, Timm staining scores were
assigned to each genotype with and without pilocarpine injection. Scores range from 0-5 based on the
Cavazos et al. (1991) scoring criteria. DCLK1 knockout mice with pilocarpine had the most severe MFS
compared to all other genotypes and treatments. DCLK1 heterozygous mice with pilocarpine had the
second most sprouting, less than the full knockouts but more than the rest of groups. All other groups had
a sprouting amount not significantly different from one another. Significance was determined by Tukey's
test (p < 0.05, letters correspond to groups not significantly different from each other). Each hemisphere of
the brain was scored for each mouse. For WT n=2, Het n=3, KO n=3, WT + pilocarpine n= 4, Het +

pilocarpine n=3, KO + pilocarpine n=4.
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3.12 DCLK1 knockout mice with pilocarpine experience increased epileptiform
discharge number during sleep

EEG recordings can be useful for identifying electrical abnormalities both during sleep
and wakefulness that are not apparent in the mouse’s behavior (Figure 11A and 11B).
Particularly useful is the analysis of epileptiform activity during sleep that does not elicit
any behavioral reaction. These synchronous discharges can take place in isolation or can
appear in long trains of repeated discharges that never stimulate wakefulness in the
animal. To determine the extent to which DCLK1 knockout and pilocarpine-treated mice
experienced these epileptiform discharges during sleep, we quantified the number of
discharges over a 24 hour period for each group. The wild type and knockout mice rarely
if ever experienced any activity during sleep that could be construed as epileptiform
(Figure 11C). Pilocarpine-treated wild type mice experienced increased epileptiform
discharges compared to untreated animals, but rarely had a series of discharges.
Pilocarpine-treated DCLK1 knockout animals had the most epileptiform discharges during
sleep and had the highest number of series (Figure 11C-11G). This hyperexcitability was
not reflected in the recording of local field potentials for any of the treatment groups in
multiple regions of the hippocampus (Figure S1A). This also did not translate to changes
in population spike threshold or number of population spikes triggered by maximal current
injection (Figure S1B). These experiments show that DCLK1 knockout mice with
pilocarpine show the greatest amount of epileptiform activity compared to all the other
treatment groups, indicating DCLK1 may play role in epileptiform suppression.

3.13 DCLK1 knockout mice with pilocarpine experience increased seizure

occurrence
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The best indicator of changes in epilepsy is the number of seizures a patient or animal
experiences. To examine changes in the number of seizures we took pilocarpine-treated
wild type and DCLK1 knockout mice and performed EEG surgery and placed them in
observation chambers. We then quantified the number of motor seizures these mice
experienced over the course of 24 hours (Figure 111-K). We found that the pilocarpine-
treated wild type mice rarely experienced seizures, with only 2/8 experiencing a seizure
during the observation window. However, 5/7 of the pilocarpine-treated DCLK1 knockout
mice experienced a seizure, and some experienced multiple seizures during this time.
Altogether the pilocarpine-treated DCLK1 knockout mice experienced more seizures than
the pilocarpine-treated wild type mice. This would indicate that DCLK1 may be

responsible for reducing seizure occurrence in epileptic animals.
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Figure 11. DCLK1 knockout animals with pilocarpine experience greater numbers of epileptic
sleeping spikes and seizure events while awake than wild type mice with pilocarpine and either

genotype without pilocarpine.
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A, Schematic representation of experimental procedure for EEG/video recording of a mouse with
pilocarpine-induced epilepsy. B, For implantation of depth electrodes mice were heavily sedated with
isoflurane and placed in a stereotaxic headset. Holes were drilled in the skull for electrode insertion
corresponding to the hippocampus (HC), cortex (CTX), and reference in the cerebellum (REF). C,
Representative sleep baseline EEG recordings for four month old wild type mice, wild type mice with
pilocarpine, and knockout mice with pilocarpine. Wild type mice without pilocarpine and knockout mice
without pilocarpine have similar baselines (knockout representative image not shown). The top row
corresponds to traces from the cortex, the middle row is the hippocampus, and the bottom row is the EMG
trace monitoring muscular response. D, Frame captured from the video monitoring of EEG recorded mice.
E, Epileptiform discharges as spikes during sleep are increased in knockout mice with pilocarpine compared
to other genotypes with and without pilocarpine by Tukey’s test (*p < 0.05, asterisk over the bar). Wild type
n=3, DCLK1 knockout n=3, wild type with pilocarpine n=7, knockout with pilocarpine n=8. F, Examining
series of spikes during sleep shows there are more series in knockout animals with pilocarpine compared
to wild type animals with pilocarpine by a student’s t test (*p < 0.05, asterisk over the bar); n=4 for
pilocarpine-treated wild type and n=5 for pilocarpine-treated DCLK1 knockout mice. G, A graphical
depiction of the sleeping spike series distribution from the five pilocarpine-treated DCLK1 knockout mice.
Each color represents a different mouse. H, A representative trace of a significant sleep event in a
pilocarpine-treated knockout mouse. High amplitude and frequency waveforms occur without any EMG
output as the mouse remains asleep. I, A representative trace from the beginning of a convulsive seizure
as the mouse awakens from sleep. J, A frame captured from the convulsive seizure in (G). K, Motor
seizures in mice during waking periods were more frequent in DCLK1 knockout mice with pilocarpine
compared to wild type mice with pilocarpine by a student’s t test (*p < 0.05, asterisk over the bar); n=8 for

pilocarpine-treated wild type and n=7 for pilocarpine-treated DCLK1 knockout mice.

64



3.14 DCLK1 knockout mice show altered numbers of sleep bouts

Sleep is often significantly affected by epileptic activity (Roliz et al. 2022). To determine
the extent to which this is true in DCLK1 knockout mice, we measured numerous sleep
parameters in pilocarpine-treated and untreated wild type and DCLK1 knockout mice. We
began by quantifying the number of sleeping and waking bouts in these mice over 24 hrs
and found that DCLK1 knockout mice without pilocarpine had significantly fewer waking
bouts than wild type animals that received pilocarpine and fewer sleeping bouts than both
pilocarpine-treated groups (Figure 12A). While significant, this result may be confounded
by the presence of one wild type animal that received pilocarpine and experienced 40+
separate sleep and wake bouts. Of the 33 animals, ~48% (16/33) experienced 10-19
wake bouts, ~48% (16/33) experienced 20-29 wake bouts, 0% experienced 30-39 wake
bouts, and ~3% (1/33) experienced 40-49 wake bouts. Of these same 33 animals, ~52%
(17/33) experienced 10-19 sleep bouts, ~45% (15/33) experienced 20-29 sleep bouts,
0% experienced 30-39 sleep bouts, and 3% (1/33) experienced 40-49 sleep bouts. It
appears that DCLK1 knockout animals may be experiencing fewer waking bouts and are
experiencing some sleep disturbances even before pilocarpine administration. Based on
these observations, DCLK1 may be responsible for a mouse’s sleep stability, although

the data supporting this conclusion is tenuous.

3.15 DCLK1 knockout mice show higher average waking bout lengths
We next quantified the average length of each bout of sleep and wakefulness (Figure
12B). Although there was no difference in the average length of each sleeping bout in any

group, the untreated DCLK1 knockout animals appeared to experience longer bouts of
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wakefulness than their pilocarpine-treated wild type and DCLK1 knockout counterparts.
While both of the pilocarpine-treated groups appear to have unchanged sleep bout
lengths, their average wake length appears to be reduced, with the pilocarpine-treated
knockout mice exhibiting the shortest average waking length. This data indicates loss of
DCLK1 may cause increases in wakefulness lengths, although a lack of difference from

control mice casts some doubts on the magnitude of this change.

3.16 Pilocarpine-treated DCLK1 knockout mice show altered total sleep and wake
lengths
To determine the extent that DCLK1 knockout and pilocarpine injection affect the total
amount of sleep a mouse experiences, we quantified the total amount of sleep and
wakefulness these mice experienced over 24 hours (Figure 12C). We found that only
pilocarpine-treated DCLK1 knockout mice experienced differences. These mice had
significantly more total time spent sleeping and had the least time spent awake while the
other groups remained unchanged. This indicates that the DCLK1 knockout mice with
pilocarpine are experiencing significant sleep/wake length time abnormalities, possibly as

a result of increased epileptiform activity.
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Figure 12. Pilocarpine and DCLK1 knockout affect numerous parameters of the sleep/wake cycle..
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A, The number of bouts of sleep and wakefulness in 4 month old wild type and DCLK1 knockout mice with
and without pilocarpine injection. DCLK1 knockout mice experience fewer waking bouts than wild type
pilocarpine-treated mice. DCLK1 knockout mice also experience fewer sleeping bouts than both
pilocarpine-treated groups. For WT n=8, KO n=9, WT + pilocarpine n= 8, KO + pilocarpine n=8. B, There
was no difference in the average sleeping bout length in any treatment groups. Untreated DCLK1 knockout
mice had a greater average waking bout length compared to the pilocarpine-treated groups. Pilocarpine-
treated DCLK1 knockout mice had a decreased average waking bout length compared to untreated wild
type mice as well but the difference was not significant (p = .06). Same sample size as previously
mentioned. C, Pilocarpine-treated DCLK1 knockout mice had a significantly greater total sleep duration and
significantly lower wake duration than all other treatment groups. Same sample size as previously

mentioned.
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Figure S1. LFP experimentation reveals no differences in excitability between any
genotype/treatment..

A, The initial slope of the fEPSP from recording stimulated local field potentials. The Schaffer collaterals
were stimulated and recorded at the CA1, the hilus was stimulated and recorded at the CA3, and the
entorhinal cortex was stimulated and recorded at the DG. There were no significant differences for any of
the genotypes/treatments by two-way RM-ANOVA. For WT n=8, KO n=9, WT + pilocarpine n= 8, KO +
pilocarpine n=8. B, There was no difference in population spike number at max stimulation or the current
needed to stimulate the first population spike between any treatment groups. Population spikes recorded
from CA1 after stimulations in the Schaffer collaterals. Significance was measured by Tukey’s test (*p <

0.05). For WT n=8, KO n=9, WT + pilocarpine n= 8, KO + pilocarpine n=9.
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Figure S2. Prox1 staining reveals no change in hilar ectopic granule cells between 2 month old
DCLK1 knockout mice and 2 month control mice.

A, Prox1 staining of the hilus and granule cell layer of 2 month old DCLK1 knockout mice and 2 month old
control mice. B, There was no difference in Prox1+ cells in the hilus, indicating ectopic granule cell
localization, between 2 month old DCLK1 knockout mice and 2 month old control mice. Significance was
measured using student’s f test (*p < 0.05, asterisk over the bar); n=7 for control mice and n=8 for DCLK1

knockout animals.
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4 Discussion

4.1 Significance of increased DCLK1 expression in the hippocampus of epileptic
mice

How does epilepsy affect the expression of critical proteins in the mouse brain? In humans
we can examine the difference between epileptic brain tissue and healthy brain tissue
harvested through therapeutic resections of epileptic foci. If these proteins play a role in
epilepsy specifically the expression pattern may even be consistent through epileptic
tissue derived from different patient disorders. This is exactly what has been found for
DCLK1 through expression profiling of epileptic tissue between patients suffering from
focal cortical dysplasia, tuberous sclerosis, and childhood cortical dysplasia (CCD), (Li et
al. 2017, Qin et al. 2017). However, how change from pilocarpine-induced SE is reflected
in mice both acutely and chronically is an important unanswered question.

We found that our epileptic mouse model closely resembles human patients with
respect to increases in DCLK1 expression. While DCLK1 and DCX are highly functionally
redundant and compensatory in nature, we found that only DCLK1 expression is altered
after mice are experiencing SRS (two months post pilocarpine injection). This lack of
change in DCX expression is interesting as it is often used as a marker for neurogenesis
and there have been numerous studies examining increases in neurogenesis in the
context of epilepsy (Parent et al. 1997, Gray et al. 1998, Jessberger et al. 2005). The
methodology for these neurogenesis studies varies greatly, with most using visual
quantification methods to identify BrdU+ cells, some using DCX+, and a variety of rat,
mouse, kainic acid, and pilocarpine models being used. Many of these studies agree that
status epilepticus does stimulate neurogenesis but the variety of methodologies have

yielded conflicting results on when it begins, how long it lasts, and the degree to which it
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is stimulated. Our data agrees with the majority of groups that show no change to DCX
expression in the hippocampus either acutely (1 day post injection) or longer post injection
(2 mon), but some groups do report changes in DCX+ cells around the 9 day mark in rats
(Parent et al. 1997, Gray et al. 1998, Jessberger et al. 2005). This is despite findings that
the number of Nestin+ progenitor cells does not appear to change, but this is also in a
kainic acid rat model (Jessberger et al. 2005). Nevertheless, even with any change in
DCX expression there is very little evidence that these changes would extend
meaningfully past even the latency period of SE (Parent et al. 1997, Gray et al. 1998).
The increase in DCLK1 expression as a result of prolonged epilepsy is an
important finding. It corroborates the human data and more indirect findings in animal
models that DCLK1 may be involved in epileptogenesis. One possible mechanism for this
increase could be the increase in BDNF in the hippocampus of epileptic animals and
humans (lkegaya et al. 1999, Binder et al. 2001, Koyama et al. 2004). BDNF treatment in
the hippocampus has been shown to upregulate expression of DCLK1 (le Hellard et al.
2009). BDNF has a complex relationship with epilepsy, with evidence pointing to negative
and positive effects on epileptogenesis depending on expression level, expression
location, and downstream effects (Wang et al. 2021). Similarly, the DCLK1 expression
increase may be an element in the brain’s response to epilepsy, used to help remodel or
respond to excitotoxic damage. Previous groups have shown that overexpression of
DCLK1 or its isoforms can suppress glutamatergic synaptic transmission and decrease
hippocampal circuit excitability (Shin et al. 2013, Schenk et al. 2010). How accurately

these exogenous overexpression models reflect the brain’s increase in DCLK1
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expression is not known, but it may give clues on how overexpression could be
compensatory in an epilepsy.

While we primarily examine changes in DCLK1 in the hippocampus, there are
other areas that could impact epilepsy that also have some limited DCLK1 expression.
DCLK1 direct expression data outside of the hippocampus and cortex is quite limited.
Direct western blot confirmation has been found for expression in cortex, hippocampus,
and cerebellum (Shin et al. 2013). There is indirect RNA-Seq evidence for slightly weaker
expression in other brain areas including the amygdala and much weaker expression in
other areas like the thalamus based on data collection in ProteinAtlas. The thalamus is
particularly interesting, as there is a wealth of evidence that thalamocortical dysfunction
can contribute to epileptic activity and therapeutic regulation of this area can improve
seizure control (Lindquist et al 2023). We know DCLK1 expression is increased in
epileptic mice and humans, possibly as an activity-dependent mechanism. If this
mechanism is neuroprotective in some way and this expression increase also occurs in
the thalamus, it could be responsible for helping to contribute to seizure control. Loss of
DCLK1 in the thalamus could thus be a cause for more severe epilepsy, but confirming
evidence for any such pathway remains preliminary. DCLK1 expression and localization
in the hippocampus has been the object of far greater study and thus lends itself to greater
exploration.

To understand how DCLK1 may modulate the circuitry of the hippocampus, it is
important to understand how it is expressed in the most important regions. The dentate
gyrus is a critical gate for determining how much electrical activity the downstream

hippocampal structures are exposed to, and granule cells are characterized by intrinsic
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and extrinsic properties that make them unlikely to fire (Heinemann et al. 1992, Lothman
et al. 1992, Acsady et al. 1998, Henze et al. 2002, Coulter 2007 et al, Yu et al. 2013). We
found DCLK1 to be strongly expressed in these developing granule cells using granule-
specific markers, in agreement with less direct data attempting to characterize isoform
localization in tissue via in-situ hybridization (Bergoglio et al. 2021). This is important
because DCLK1 expression may play a role in activity-dependent effects that involve
granule cells, and compromise or change to these cells may result in dysfunction of their
gating ability. When we look at wild type mice and compare them to mice that experienced
SE from pilocarpine 2 months earlier, it appears that the processes coming from the
granule cells are more highly enriched in DCLK1. These processes clearly penetrate the
hilus and extend to the basal and apical regions of the CA3. However, it is likely that these
processes are not solely mossy fibers (axons of the granule cells). Timm staining and
Znt3 antibody staining both effectively target these mossy fibers which are remarkably
rich in zinc transporters, allowing their path through the hilus and to the CA3/CA2 to be
easily visualized (Chi et al. 2008). In these visualizations (also notably visible in Figure
10B) mossy fibers are so densely packed in the hilus that they form a solid layer, and it's
practically impossible to identify individual processes. However, the processes wrapping
around the CA3 richly express DCLK1 and they occupy the same area, possibly indicating
a more sporadic DCLK1 expression closer to the end of the axon. It is also possible the
processes come directly from the entorhinal cortex (EC), as the CA3 receives input from
the EC both directly and indirectly through the granule cells (Amaral et al. 1989).

4.2 Implications of enhanced vulnerability from pilocarpine-induced SE and
acute hippocampal degeneration in DCLK1 knockout mice
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With the knowledge that DCLK1 expression is modulated by activity and chronic epilepsy,
we generated a germline DCLK1 knockout mouse. However, 335 mg/kg pilocarpine
induction of SE used to generate epileptic mice had an unexpected effect in these DCLK1
knockout mice. We found that while wild type pilocarpine-treated mice survived at ~55%,
DCLK1+mice survived ~35% of the time, and DCLK1-+ mice only 10% of the time (Figure
6B). This increase in mortality in knockout mice rendered our current epilepsy induction
protocol unusable. To increase survival we modified our protocol to include pre injection
handling (1 day before), a lower dose of pilocarpine (250 mg/kg), and injection time at
ZT10 instead of ZT6 (based on circadian mortality results) (Zhang et al. 2021). This did
increase survival while still inflicting significant damage on the hippocampus. This
increase in vulnerability to pilocarpine-induced SE may be indicative of a significant
phenotypic difference between DCLK1 knockout mice and wild type mice even before
epilepsy. It is possible that the difference in survival at 250 mg/kg could indicate DCLK1
knockout mice may be more likely to experience SRS and a more severe epilepsy
phenotype than WT animals. While previous studies have shown alterations in synaptic
structure, certain process elongation factors, and subtle changes in neuroanatomy, there
have not been any significant functional changes in the mouse as a result of these
differences (Koizumi et al. 2017, Murphy et al. 2023, Shin et al. 2013, Koizumi et al. 2006).
There was also no change in the susceptibility to PTZ by any genotype or treatment at 4
months old. Development of epilepsy or significant alterations to the health of the mouse
without any pharmacological intervention has required co-deletion of DCX.

This increase in SE vulnerability could be due to a variety of factors that are

structural, specifically related to the synaptic connectivity in the brain, or activity outside
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the CNS. There is still significant interconnection between these two ideas. Human
epilepsy from mutated cytoskeletal proteins, such as those seen in DCX, LIS1, and
TUBA1A, appear to stem from significant patterning/migration defects that cause
significant brain malformations and thus appear to be the main driver of synaptic
dysfunction (des Portes et al. 1998, Gleeson et al. 1998, Reiner et al. 1993, Keays et al.
2007). Conversely there exists more isolated cell autonomous mechanisms such as
channelopathies, compromise of synaptic connections, and irregular growth of critical
neuronal structures (Menezes et al. 2020, Bernard et al. 2012, Xu et al. 2014). While
germline loss of DCLK1 can cause some minor malformations, these changes have
insofar not meaningfully changed the health of the animal, and whether these defects
occur may be dependent on when deletion occurs (Koizumi et al. 2006, Murphy et al.
2023). Germline recombination using conditional Ella-Cre and removal of exon 3 results
in defects to formation of the corpus callosum and anterior commisure, but germline
recombination removing exons 9-11 showed no gross morphological changes at all
(Koizumi et al. 2006, Deuel et al. 2006). When DCLK1 was deleted postnatally at P10-
P13 using the Nex1 promoter to only target pyramidal neurons there were no observable
changes in axon tracts, dendritic arborization, or cortical lamination (Murphy et al. 2023).
These observations underscore the importance of the temporal regulation of DCLK1 and
serve as potential examples for how developmental abnormalities may occur.
Considering we utilized an unconditional germline recombination removing exon 3, it is
possible certain structural abnormalities are present that could contribute to dysfunction

resulting in vulnerability to SE from pilocarpine.
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The increase in FJ staining we see in DCLK1 knockout mice is indicative of more
damage acutely from SE within the hippocampus as a whole but mostly in the Ammon’s
Horn. Acute damage from pilocarpine-induced SE has been robustly visualized in
previous studies to quantify hippocampal damage (Jain et al. 2019, Scholl et al. 2013, do
Nascimento et al. 2012, Botterill et al. 2019). An increase in acute hippocampal damage
from SE has previously been attributed to a variety of different factors. However, these
factors’ commonality appear to stem from a change in the E/I balance of granule cells.
Researchers found that a decrease in adult neurogenesis increased hippocampal
degeneration from SE and hypothesized that this difference came from the inhibitory input
(Jain et al. 2019). They propose that there is a loss of inhibition because these adult-born
GCs innervate DG GABAergic interneurons and increase the drive toward inhibition of
more mature GCs. A separate study examined the effect of mossy cells, a glutamatergic
subpopulation of neurons in the hippocampus bordering the hilus that both innervate DG
inhibitory interneurons and the GCs themselves (Botterill et al. 2019). Inactivation of these
mossy cells prior to SE appeared to decrease SE-induced damage by preventing the
strengthening of MC-GC synapses, which more than compensated for the loss of MC-
driven DG interneuron stimulation. Contrarily, a different group found activation of mossy
cells optogenetically could reduce the severity of seizures in chronically epileptic mice
(Bui et al. 2018). Curiously this same group also found that while direct GC inhibition in
chronically epileptic mice reduced seizure duration it did not reduce convulsive seizure
occurrence, even though direct GC excitation reliably invokes behavioral seizures (Krook-

Magnuson et al. 2015).

4.3 Impact of PV+ and SST+ loss in epileptic DCLK1 knockout mice
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These complicated circuitry dynamics even within the same cell type and same disease
reflect the complexity of plasticity and synaptic architecture in response to insult both
acutely and chronically. The vulnerability to acute damage in the DCLK1 knockout mouse
likely has foundations in a similar DG E/I imbalance, but this imbalance does not appear
to be caused by loss of PV+ or SST+ hippocampal inhibitory interneurons at the time of
injection (Figures 7 and 8). It may be that there is a subtle defect in the synaptic
connection responsible for stimulating inhibitory neurons when DCLK1 is not present, as
loss of DCLK1 significantly reduces dendritic complexity and dendritic length (Shin et al.
2013). Compromising the inhibition of dentate granule cells before SE induction could be
responsible for the acute increase in hippocampal damage and may prime the
hippocampus for sclerosis and worsening of the epileptic phenotype. A more severe
phenotype may be responsible for the SE-induced changes we see in the DCLK1
knockout mice with respect to inhibitory interneuron number. Many previous studies have
shown reductions in the inhibitory interneuron populations in various epileptic models
including rat, monkey, and human samples. One group has shown that silencing of even
one inhibitory neuron population in the hippocampus is sufficient for induction of SRS in
mice (Drexel et al. 2017).

Because PV+ and SST+ cell numbers are unchanged in the DCLK1 knockout
before seizure induction, the decrease in pilocarpine-treated DCLK1 knockout mice is
likely the result of this epileptogenesis. This result must be compared against the
pilocarpine-treated wild type mice that did not experience such a severe loss even though
they received the same pilocarpine-induced SE treatment. Both SST+ and PV+

interneurons showed significant decreases, so a more generalized dysfunction may be
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more probable than a specific relationship between one cell type and the disease
phenotype. One possible explanation for the decrease in pilocarpine-treated DCLK1
knockout mice could be the result of a more severe reaction to SE, as exemplified by the
increased mortality and neurodegeneration by FJ staining. These cells may have
perished from the acute excitotoxicity in greater numbers similarly to the greater loss
apparent in the pyramidal neurons. Another explanation could be that the interneuron
population was able to survive the acute excitotoxicity to the same extent as the wild type
pilocarpine-treated animals but development of SRS and the resulting chronic damage
caused the loss. Even if the initial loss of inhibitory interneurons was minimal, this may
contribute to a vicious cycle as the remaining inhibitory interneurons must now survive

through a more hyperexcitable circuit, and with more death the cycle worsens.

44 DCLK1 and mossy fiber sprouting

Our results showing increases in MFS from pilocarpine induction agree with the body of
literature that allow for sufficient time post injection for sprouting to occur. However, an
additional increase from loss of DCLK1 had not previously been reported. One hypothesis
before experimentation could predict that loss of DCLK1 might actually inhibit MFS due
to a lack of axon elongation. Previous studies have shown that loss of DCLK1 has
prevented complete callosal axon elongation and one study showed a shortening of
hippocampal axon elongation at DIV 5 although this change was not statistically
significant (Koizumi et al. 2017, Shin et al. 2013). There are a few possible mechanisms
that could be responsible for the increase in MFS in pilocarpine-treated knockout mice. It
is important to note that because there didn’t appear to be any sprouting in the untreated

knockout mice that the mechanism responsible for the increase is highly activity
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dependent. This is an important detail, as there are some genetic models where gene
knockout is sufficient to induce MFS without the induction of SE (Li et al. 2022, Shibata
et al. 2013).

One mechanism that could possibly be responsible for activity-dependent
increases in MFS in the DCLK1 knockout mice is a dysfunction in axon guidance. There
are many examples of axon guidance affecting MFS, some with and some without an
activity-dependent mechanism. One of the more compelling cases results from work done
in hippocampal slice culture when researchers found that netrin-1 attracts MF when DCC
is the main receptor in the MF growth cone, but repels MF when the receptor Unc5A is
also present at the surface (Muramatsu et al. 2010). In control medium the MF are
attracted to the CA3 but inducing excitability via K+ caused Uncba translocation to the
surface of the growth cone and repelled MFs back toward the granule cell layer, initiating
MFS. This is relevant as DCLK1 expression is intimately connected to netrin sensing and
axon guidance. In young hippocampal neurons loss of DCX and DCLK1 results in ablation
of netrin sensing and the subsequent growth cone turning (Fu et al. 2013). The authors
tested DCC and Unc5A expression and found no changes between WT and DCX/DCLK1
knockout mice, but the cells were permeabilized prior to antibody staining, meaning
cytoplasmic expression was measured, not surface expression. Muramatsu et al.
emphasize the importance of the difference, as Unc5A cytoplasmic expression doesn’t
change in response to excitability, but Unc5A surface expression turns from absent to
abundant, causing repulsion. It is possible that DCLK1 interacts with these receptors at
the growth cone to increase proper guidance to the CA3, and loss of DCLK1 exacerbates

the dysfunctional guidance and results in increased MFS.
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Another distinct but related mechanism again involves possible axon guidance
dysfunction but as a more direct result of changes in cytoskeletal architecture at the
growth cone. One research group studying Sema3F targets found that knocking down the
receptor Neuropilin-2 (Npn-2) caused spontaneous MFS, and inducing SE with
pilocarpine worsened this MFS further (Li et al. 2022). This Npn-2 loss was found to
increase MFS by ablating the phosphorylation of Collapsin response mediator protein 2
(CRMP2), a regulator of growth cone collapse (Kimura et al. 2005, Niwa et al. 2017) .
Phosphorylation of CRMP2 causes it to lose its affinity to microtubules and actin, which
prevents its contribution to axonal outgrowth (Tan et al. 2015). Loss of this
phosphorylation caused increased CRMP2 microtubule and actin affinity and increased
axonal outgrowth, causing increased MFS. Importantly, CRMP2 is specifically
phosphorylated by CDK5 and GSK3 at the growth cone to trigger cytoskeletal dissociation
and growth cone collapse (Uchida et al. 2005, Cole et al. 2006).

When we look at other important cytoskeletal actors at the growth cone of
developing neurons, we find that DCX/DCLK1 knockout similarly causes significant actin
and microtubule disorganization, especially at the developing growth cone (Fu et al.
2013). Selective mutagenesis of specific residues on DCX reveals that similarly to
CRMP2, phosphorylation of S297 is the driver for its dissociation from microtubules and
disorganization of actin resulting in growth cone malformations (Fu et al. 2013, Tanaka et
al. 2004). Fascinatingly, this phosphorylation is mediated by CDK5 and GSK3, the same
kinases that regulate CRMP2, and in silico analysis predicts binding sites on DCLK1 for
CDK5 and GSK3 as well (Carli et al. 2023, Tanaka et al. 2004, Schaar et al. 2004, Moselhi

et al. 2019, Graham et al. 2004). Additionally, recent findings have shown DCLK1 binding
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specifically to Neuron-glia related protein (NrCAM), one component of a heterotrimeric
receptor that also includes Npn-2 and is responsive to Sema3F, the same complex
responsible for CRMP2 modulation (Murphy et al. 2023). They found DCLK1 specifically
binds to the conserved FIGQY sequence on the cytoplasmic domain of NrCAM, the
recruitment site for spectrin-actin adaptor Ankyrin (Bennett et al. 2009).

Based on this shared localization, regulation, and previous studies directly showing
defects in axon guidance, it seems very possible that loss of DCLK1 in epileptic animals
may result in dysregulation at the growth cone and result in increased MFS. A possible
model involving an axon guidance mechanism could be the result of a change in netrin
sensing from loss of DCLK1 in epileptic animals. Previous work has used hippocampal
neurons implanted on to hippocampal slices to interrogate variables affecting the direction
of individual axonal growth on these slices (Muramatsu et al. 2010). Researchers took a
hippocampal slice and cultured it organotypically before implanting neurons and
measuring how many axons grew in the correct direction in response to activity and
changes in chemoreception. If DCLK1 helps to decrease MFS in an epileptic brain,
activity induction on these implanted neurons should still trigger some MFS and aberrant
growth towards the granule cell layer. However, loss of DCLK1 could worsen this
phenotype, causing more neurons to project sprouted MFs. If DCLK1 is responsible for
affecting receptor presence on the tip of the growth cone, it could possibly be responsible
for lowering the presence of Unc5A on the surface of the growth cone. When electrical
activity is induced, DCLK1 may help to keep Unc5A from being increasingly translocated

to the surface, which would result in less repulsion from netrin. This lack of repulsion and
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increase in attraction could be responsible for more mossy fibers growing the correct way

to the CA3 instead of being repelled toward the granule cell layer.

4.5 DCLK1 and epileptiform activity

In this study we examined numerous EEG characteristics in pilocarpine-treated and
untreated DCLK1 mice and found some striking differences. We documented significant
increases in interictal epileptiform discharges in the pilocarpine-treated DCLK1 knockout
compared to all other groups and rarely saw any spike patterns in untreated wild type or
DCLK1 knockout mice. This was coupled with increases in motor seizure occurrence in
the pilocarpine-treated DCLK1 knockout mice compared with the pilocarpine-treated wild
type mice. This may indicate that loss of DCLK1 increases hyperexcitability in epileptic
brains. There are a few potential explanations for this.

The first may be the result of inhibitory interneuron loss. As mentioned in previous
sections, the E/I balance in the hippocampus is tightly regulated but often dysfunctional
in cases of TLE. We have shown that while DCLK1 knockout mice have comparable
interneuron populations in the hippocampus compared to wild type mice, pilocarpine
administration decreases the interneuron population more severely in DCLK1 knockout
mice. Loss of even one inhibitory interneuron subtype can be sufficient for
hyperexcitability, SRS, and MFS (Cobos et al. 2005, Drexel et al. 2017). When examining
epileptic tissue gathered from human patients and animal models, researchers have
consistently found fewer of these specific inhibitory subpopulations (Spreafico et al. 1998,
Thom et al. 2004, Wittner et al. 2005, Williamson et al. 1999, Austin et al. 2004).
Reintroduction of GABAergic interneurons into the brain via implantation has shown

promising results by ameliorating severity and occurrence of seizures but may not
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necessarily answer the question in this case (Baraban et al. 2009). It is possible that this
GABAergic reintroduction can simply compensate for hyperexcitability caused by other
forces, not necessarily an interneuron population loss. More direct electrophysiological
studies may be necessary to determine if this difference in interneuron loss is sufficient
to account for changes in epileptiform activity.

The contribution of MFS to epilepsy is challenging to unravel, but the increase we
see in pilocarpine-treated DCLK1 knockout mice could be increasing the occurrence of
the epileptiform activity. Early work in the field has repeatedly shown that these sprouted
axons can form functional synapses and recurrent networks (Wuarin et al. 1996, Molnar
et al. 1999, Lynch et al. 2000, Buckmaster et al. 2002, Scharfman et al. 2003). However,
the synapses formed by sprouted mossy fibers differ from those synapses connecting
with the CA3 and can rapidly depress after repeated activation (Cavazos et al. 2003,
Sutula et al. 1998, Hendricks et al. 2017). Recent work has shown optogenetically
activating the MF will elicit bursts and spikes in the dentate granule cells of epileptic mice
but activate little or no activity in healthy mice (Hendricks et al. 2019). Hendricks et al.
also found that this could trigger recurrent network excitation in slices even without the
addition of compounds to induce hyperexcitability.

While these models of recurrent aberrant activation from MFS are compelling they
do not necessarily encapsulate the epileptic system as a whole. Perhaps the most
contrary piece of evidence illustrating this comes from work using high doses of
rapamycin to block MFS in epileptic mice (Heng et al. 2013). Blocking MFS in this
pilocarpine model of epilepsy did not appear to alter the amount of seizures at all and

rapamycin did not appear to reduce the hilar neuron loss caused by SE. This is significant
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because early models attribute initiation of MFS to a loss of hilar neuron targets from SE-
induced damage (Schmeiser et al. 2017). However, the researchers noted rapamycin
dosage significantly inhibited hypertrophy of the dentate gyrus, indicating that perhaps
other less noticeable off-target effects could exist increasing seizure susceptibility. One
group has shown that rapamycin supplementation in the pilocarpine model suppresses
somatostatin axon branching in the granule cell layer, which could offset the diminishing
of excitability from a lack of MFS (Buckmaster et al. 2011). Admittedly, this is the less
parsimonious of the reasons.

An important detail in understanding the differences between the pilocarpine-
treated DCLK1 knockout and pilocarpine-treated wild type mice is the relative lack of
seizure occurrence in the pilocarpine-treated wild type animals. The DCLK1 knockout’s
vulnerability to pilocarpine necessitated a smaller administration which may have been
sufficient to generate epileptiform activity in these mice but to a lesser extent in wild type
mice. Pilocarpine concentrations used for induction vary widely from 250mg/kg to 400
mg/kg, and using the lower range at a later time of injection probably lead to fewer cases
of wild type mice developing SRS (Walter et al. 2007, da Silva 2014, Jain 2023). More
severe occurrence of SE and increased damage from SE are correlated with more severe
epilepsy characteristics, and many mice are not used for epilepsy evaluation unless they
experience SE of sufficient severity (Walter et al. 2007, Hosford et al. 2016). This
differential between experimental mice that did and did not develop SRS because of the
difference in pilocarpine vulnerability could explain the downstream phenotypic

differences in epileptiform activity both asleep and awake.
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4.6 Pilocarpine-treated DCLK1 knockout mice exhibit abnormal sleep
architecture

Sleep and epilepsy are intimately connected concepts, with each affecting the other
significantly. Our setup to record sleep/wake involved surgical depth electrode EEG
implantation and video observation over the course of multiple days. A previous study
analyzed the percentage of sleep and wakefulness in different strains of mice that also
underwent surgical EEG implantation and were recorded in a similar manner (McShane
et al. 2011). They found that wild type C57/BI6 mice sleep approximately 54% of the time
and are awake 46% of the time. In our studies our wild type mice sleep approximately
53.5% of the time and are awake 46.5% of the time, in great agreement with the literature.
We were initially surprised to find that the number of sleep/wake bouts in the untreated
DCLK1 knockout mice were actually significantly different from the pilocarpine-treated
groups but not the wild type untreated group. This difference was also perhaps opposite
to what would be expected, as fewer bouts may represent less fragmented sleep
(Trammell et al. 2014, Dulko et al. 2023, Kalume et al. 2015). It is important to note that
researchers characterize bouts of wakefulness differently depending on experimental
context. One may record every instance where the mouse appears to have sleep
interrupted even fractionally to characterize acute affectation of sleep, resulting in
hundreds of bouts over a 24 hr period (Kalume et al. 2015, McShane et al. 2011). We are
more interested in the gross architecture of sleep, so short periods of readjustment or
stretching during sleep did not trigger a bout change.

The decrease in bout number in untreated DCLK1 knockout mice may actually be
more reflective of the slight change in the pilocarpine-treated mice, as we see no

difference in the average sleep bout length between any of the groups. Interestingly,
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these untreated DCLK1 knockout mice have much longer average waking periods than
the pilocarpine-treated mice before they end up sleeping for a similar period, although
there is still no deviation from untreated wild type. This may be a case where subtle and
almost imperceptible differences from the baseline in opposite directions reveal a
phenotypic difference. These characteristics must be considered with the observation that
pilocarpine-treated DCLK1 knockout mice are the only treatment group with changes in
total sleep/wake time, spending much more time asleep and less time awake than any
other treatment group.

When we look at other animal models of TLE and genetic epilepsies we find a mix
of often contradictory results. One study found that pilocarpine-treated rats experience
less time awake and more time in slow wave sleep, while a study in electrically-stimulated
SE rats showed they have more time awake, less time in paradoxical sleep, and no
change in slow wave sleep (Matos et al. 2010, Bastlund et al. 2005). Examination of
Kcna1-null mice, a mouse model of SUDEP, found significant alterations in circadian
rhythm with increases in wakefulness and decreases in sleep (Wallace et al. 2018). What
both these animal models and human patients all appear to have in common is significant
sleep disruption, whether its circadian rhythmicity, changes in REM vs non-REM sleep,
alterations of sleep characteristics such as sleep spindles, or differences in acute waking
bouts (Zanzmera et al. 2012, Proost et al. 2022). We see these characteristics reflected
in our own power spectrum analysis of these mice showing changes in delta power for
epileptic mice consistently (data not shown). It is possible that the stark changes we see
in total sleep and wakefulness in the pilocarpine-treated DCLK1 knockout mice are the

result of a decrease in sleep quality. These mice may be increasing the duration of their
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sleep to compensate for the lack of quality in the sleep. Detailed characterization of the
sleep architecture could be useful for determining exactly how compromised the sleep

quality of these mice is and whether it is related to the phenotypic difference.

4.7 Future directions

While we have demonstrated the significant effect that lack of DCLK1 has on hallmarks
of epilepsy, there are still many questions that remain unanswered. The mechanistic
cause for the worsening of these hallmarks remains unclear but experiments can be
designed to clarify. To determine if the knockout phenotype is from more severe SE, mice
can be recorded as they are undergoing SE and graded on the Racine scale. This would
help to establish if mice are acutely responding to pilocarpine more severely and possibly
incurring more damage than wild type mice, leading to the phenotypic difference. It would
also provide a more specific line of inquiry as the main question then revolves around
mechanisms DCLK1 may be involved in that would modulate this pilocarpine
vulnerability.

How DCLK1 is expressed and whether deleting expression in specific cell types
may also be of interest. Genetic manipulation of the dentate granule cells has often
revealed circuit weaknesses and deletion or overexpression in just this cell type has been
shown to greatly increase epilepsy occurrence and severity (Pun et al. 2012, Santos et
al. 2017). Selectively deleting DCLK1 in certain interneuron subtypes or pyramidal
neurons would also begin to narrow down how loss modulates specific circuit
pathways. Deleting DCLK1 in a cell-specific manner and testing for changes in epileptic
hallmarks could reveal which areas of the hippocampus and which cell types rely on

DCLK?1 for excitability maintenance.
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Along with deletion, modeling DCLK1 overexpression in the hippocampus could
be useful. Some experiments have shown how overexpression of DCLK1 and its isoforms
can decrease excitability in the CA3/CA1 network and reduce glutamatergic synaptic
transmission (Shin et al. 2013, Schenk et al. 2010). If the upregulation of DCLK1 in
epileptic brains is a method to dampen excitability in the brain, options should be explored
on how experimental overexpression may mediate epilepsy pathology. It is possible that
experimental increase prior to SE could mitigate damage to the hippocampus, leading to
a less severe phenotype. Chronic overexpression in the early phases after status
epilepticus when remodeling activity is high could also potentially lead to favorable
rewiring that mitigates future excitotoxic damage. Whether this overexpression reduces
other hallmarks of TLE such as mossy fiber sprouting and inhibitory interneuron
populations would be informative as well.

The circuit dysfunction can be further clarified by using electrophysiological
techniques to determine cell-specific and field level changes in the circuit in response to
loss of DCLK1. If DCLK1 is altering resting membrane potential, threshold firing rate, or
other important cell-specific characteristics of excitability this should be apparent through
testing with patch-clamp electrophysiology. Broader changes in ion pools can be
measured using stimulation and recording of local field potentials. Attempts were
previously made to record effects of these stimulations using glass pipettes, but more
success may be had from using a visual method such as calcium imaging that results in
a more transparent readout. Electrode recordings do allow for specificity of region for
measuring certain characteristics of ion pools by measuring at just one spot, but this also

introduces significant variation based on consistently recording the exact same point. The
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regions of interest around the CA3 are incredibly complex, with connectivity differences
based on the layer being recorded, and layers being indistinguishable based on size and
morphology (Skucas et al. 2013).

When examining the effects of pilocarpine-treated DCLK1 knockout mice we see
meaningful changes to sleep architecture that are likely the result of increased
epileptiform activity. Other changes in DCLK1 knockout mice that alter behavior may be
exacerbated in these pilocarpine-treated mice. DCLK1 and its isoforms have been
implicated in a few mental health related disorder screens including ADHD and
schizophrenia, and one group found that overexpression of a specific DCLK1 isoform
increases parameters of anxiety in mice (Schenk 2010, Havik et al. 2012). It would be
interesting to examine whether pilocarpine-treated DCLK1 knockout mice exhibited
changes to these behavioral parameters. Other research has shown DCLK1 may be
involved in memory formation and learning based on association studies in humans and
its relationship with BDNF (le Hellard 2009). It is possible that dysfunction in the
hippocampus from epilepsy could further compromise these abilities in a DCLK1 knockout

mouse.
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