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Abstract

Much about the molecular mechanisms underlying seizure susceptibility remains
unknown. A number of studies have indicated that the neurotrophic factor BDNF plays an
important role in mediating seizure susceptibility. Recently, we found that the heterotrimeric G —
protein, Gz, which is known to endogenously couple to monoaminergic receptors, such as
serotonin, norepinephrine and dopamine receptors, regulates BDNF-induced signaling and
development in cortical neurons. Interestingly, several of the receptors that Gz endogenously
couples to have also been shown to be associated with seizure phenotypes (SHT1a-serotonin and
D2 dopamine). Here we characterized seizure susceptibility in Gz-null mice, behaviorally and
electrographically, finding that Gz-null mice have increased seizure susceptibility using a
modified version of the pilocarpine model of status epilepticus. Local field potential (LFP) data
recorded from six brain regions- amygdala, dorsal hippocampus, ventral hippocampus, motor
cortex, somatosensory cortex, and thalamus- showed robust electrographic seizure activity for

Gz-null mice compared with low or no seizure activity in wild-type controls.
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I ntroduction

Seizures are the behavioral and electrophysiological manifestation of epilepsy *, and are
also found in sudden unexpected death in epilepsy (SUDEP) 2 and autism . Epilepsy causes
adverse psychiatric, physical and social harm; alone, it accounts for 0.5% of the global burden of
disease *. Much about the mechanisms underlying seizure disorders are still not known; current
therapies have some success such that about 65-70% of temporal |obe epilepsy cases can be
normalized, at least initially, but there is a great need to identify causes and treatments that
address the underlying brain dysfunction in order to improve long-term efficacy.>®

A better understanding of the molecular pathways underlying seizure disordersis
essential for the development of better treatments. Several pieces of evidence suggest that
neurotrophins, and BDNF in particular, contribute to seizure susceptibility. BDNF has been
shown to be upregulated after limbic seizures, particularly in the dentate granule cells of the

hippocampus in mouse models "

, and an increase in BDNF protein levels has been identified in
hippocampal specimens from patients with temporal lobe epilepsy **. Preclinical models
manipul ating BDNF activity have altered development of epilepsy *2 23 ***>. Taken together,
these studies indicate that pathways implicated in BDNF regulation are crucial for mediating
Seizure susceptibility.

Previously, we demonstrated that the heterotrimeric G protein, Gz, negatively regulates
BDNF-stimulated signaling with regard to axon development in cortical neurons . Gzisa
member of the Gi subfamily of heterotrimeric G proteins, and like others of thisclass, is
inhibitory toward adenylyl cyclase. It has also been shown to impact downstream effectors

Rap1GAP and Eya2'"*8, and its activity can be regulated by the regulator of G protein signaling

protein RGS20™. There are several interesting biochemical properties that distinguish Gz from
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other Gi subfamily members; Gz has an extremely slow kinetics with regard to GDP-dissociation
and GTP hydrolysis (~200-fold slower than other G i subunits)®, and is the only member of the
Gi subfamily to be insensitive to C-terminal ADP ribosylation by Pertussis toxin ?#. Another
trait that distinguishes Gz from other Gi subfamily membersisthat Gz expression isrestricted to
vertebrates and is predominantly localized to the CNS %. Gz plays a crucial role in neuronal
signaling, particularly with regard to monoamine neurotransmitter signaling %% .

In contrast to findings in Gi-null mice, which have more severe impai rments across
multiple physiological systems, Gz-null mice have demonstrated almost exclusively neuronal
and neuroendocrine phenotypes, and largely only in response to pharmacological interrogation

24 Such studies demonstrate that in vivo, Gz endogenously couples to serotonin 5-HT14%%,

dopamine D2%, " ,a-adrenergic®®

, [1-opioid® and EP3 E-prostanoid receptors™. Accordingly,
Gz-null mice have demonstrated an increased anxiety behavioral phenotype®?®; Gz-null mice
have afailure to respond to serotonin receptor 5-HT14 agonist 8-OH-DPAT, with regard to both
anxiety and CA1 pyramidal neuron K* current®. Gz-null mice are also insensitive to the
locomotor inhibition effects and alterations in the levels of pituitary adrenoccorticotropin
releasing hormone (ACTH) induced by the D2 agonist, quinpirole’”*. Additionally, Gz-null
mice have altered pre-pulse inhibition (PPI) responses, a process that is highly dependent upon
the D2-dopamine receptor®®. Several of these monoamine neurotransmitter systems have been
linked to seizure susceptibility aswell 3. Gz is thusimplicated in several pathways, both
directly and indirectly, that are linked to seizure susceptibility. Given these findings, we

hypothesized that Gz would have a negative regulatory impact on seizure susceptibility, much in

the same way that it impacts BDNF-related signaling, and set out to test this hypothesis.
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Results

In order to test the hypothesis that Gz negatively impacts seizure susceptibility, we
implemented a well-characterized seizure induction model in conjunction with Gz-null mice.
Several animal models have been developed to emulate status epilepticus (SE)*, a continuous
state of seizure activity. Most animal models of SE (and epileptogenesis) involve either a
chemical or éectric stimulant that triggers convulsions; however, the manifestation of SE
indicates that the brain has been triggered beyond thisinitial stimulusinto a recurring feedback
loop of stimulation. Such continuous activity is recordable by EEG and observed behaviorally
by the absence of consciousness and the occurrence of motor seizures *°; tonic, clonic seizures
may persist for hours *°. Notably, this same approach is used to monitor seizure activity in
patients with epilepsy™. In order to determine whether Gz-null mice had altered seizure
susceptibility, alow dose of pilocarpine (pilocarpine), was employed in the first part of the study.
Pilocarpine is a muscarinic acetylcholine receptor agonist that is widely used to induce status
epilepticus *. The culmination of a number of observations by different groups indicate that
pilocarpine activates M1 muscarinic receptorsin the brain, causing an initial imbalance between
excitatory and inhibitory transmission leading to the onset of status epilepticus; status epilepticus
is thus maintained long after the action of pilocarpine by thisimbalance **. Another advantage to
apilocarpine model is that it induces development of brain lesions that mimic those found in
patients with temporal 1obe epilepsy, thus providing some evidence that it mimics some of the

underlying causes of epileptogenesis, and not just the symptomatic behavior *.

Behavior
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All behavioral studies detailed herein were conducted blind to genotype. Low dosages of
pilocarpine (150-250mg/kg) were used that were not expected to induce status in normal mice.
Mice were observed and their behavior was recorded at 5 min intervals for 4 h. Using such
behavioral measures, we found that Gz-null mice demonstrated significant seizure susceptibility
in response to a subthreshold dose of pilocarpine, where wild-type mice had few low-grade or no
seizures. The Gz-null mice repeatedly demonstrated more severe seizure behavior than WT
controls (Table 1, Fig 1A). Mice lacking Gz also had a significantly shorter latency to onset of

seizures than the WT animals (Fig.1B).

number of animals
stage fatal

total status epilepticus stage 3 4/5 status
WT 24 13 14 8 6
KO 26 26 25 20 17

Fisher's

Exact
Test p<.0001 p=.0016 | p=.0039 | p=.0054

Table 1. Gz-null mice demonstrate increased seizure severity. Male BALB/c mice, ~16
weeks old wer e treated with 150-250 mg/kg pilocar pine and monitored for seizures. Status
epilepticus (SE) was defined as a continual state (>30 min) of seizure of class2 or higher,
with classifications defined as. stage O, stopping, staring; stage 1, facial stereotypes such as
lip smacking or foaming at the mouth, aswell asloss of consciousresponse to sounds and
smells; stage 2, compulsive head nodding; stage 3, forelimb clonus (rapid shuffling of
paws); stage 4, seizureincluding rearing onto hind limbs; stage 5, seizurewheremiceroll
over or throw their bodiesaround the cage; fatal status (FS) seizureterminating in death.
Number s of mice achieving stages. SE, stage 3 seizures, stage4 or 5 seizuresor fatal status

areindicated alongside Fisher’s Exact Test p-values.
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Fig. 1 caption. Gz-null mice have decreased latency to seizure onset. A) average maximum
class of selzure achieved; statistical significanceis shown asp<.001 (***). B) latency to the
onset of status epilepticusin response to 250 mg/kg pilocar pine. Latency is plotted only for
animalsthat achieved status. Error barsindicate SEM. Statistical significanceisshown as

P<.001 (***),

Electrographic Seizure (EGS) Onset and Sporead:

We next sought to understand the electrographic characteristics and neural circuitry of
seizuresin Gz-null mice. To do this we implanted electrodes in six brain regionsin wild-type
and Gz-null BALB/c mice and measured the activity (local field potentials) in multiple brain
regionsin-vivo in freely behaving rodents. Wild-type (WT) and Gz-/- mice were implanted with
electrodes in regions that have been shown to be of importance to limbic seizures, including
dorsal and ventral hippocampus, medial anterior thalamus, amygdala, and motor and
somatosensory cortex . After atwo week recovery, these animals were treated with a low dose of
pilocarpine (180 mg/kg) and neurophysiological EEGs were recorded in al six brain regions
prior to seizures, upon induction of seizure and through each stage as each progressed through
the various seizure stages (Figure 2). The duration of the experiment was approximately 3-3.5
hours for all four trials, dependent on the duration of seizure. Following the five-stage behavior
scale already described, all four Gz-/- mice demonstrated more severe sei zure-like behaviors
than the 4 WT animals. Two of four Gz-/- mice reached stage 5, with barrel rolling. All four Gz-

/- mice eventually died in status (fatal status) during the electrophysiological recordings.
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Fig. 2. Representative e ectrographic seizureidentification. The onset of seizureis
represented by the changein L FP excitability (mV); red arrows show the wave spike
identified asthe onset of the seizure. LFP data shows a reduction in baseline activity that
transition into recurrent, increased spiking for at least 10 seconds. Repr esentative

examples provided are from seizuresin a Gz-null mouse.

On average, the onset of electrographic seizures was earlier in Gz-/- mice when compared
to WT mice, and two WT mice had no electrographic seizure activity in the regions recorded.
The average time of first EGS, after pilocarpineinjection, for Gz-/- mice was always much lower
than that in WT mice (e.g. 4.9+/-1 min. in ventral hippocampus of Gz-/- compared with 28.7+/-
4min. in that of WT animals, Fig. 3). Within the Gz-/- group, there was variation in the seizure
Spread pattern.

Fig. 3. Electrographic seizure onset. The average time of electrographic seizur e onset
(minutes) for each recorded brain region for the WT and Gz knockout (KO) groups. Brain
region abbreviationsand p-values. Amygdala (A), ** p=.006, dor sal hippocampus (DH), *
p=.0164, ventral hippocampus (VH), ** p=.0097, thalamus (Th), ** p=.0076, somatosensory

cortex (SsC), ** p=.0081, motor cortex (MC), * p=.01.

Characteristics of Gz-/- Seizure:

Across al regions, the EGS in Gz-/- mice were more robust and severe than WT mice
(Figure 4). In addition, the seizures in Gz-/- mice showed a pattern of progression that was
roughly divided in three phases (Figure 5). In Phase 1 (P1), the LFP waves showed seizure

patterns that mark the onset of mild seizure activity; the magnitude baseline voltage is similar to
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that before pilocarpine injection. Phase 2 (P2) was marked by a decreasein LFP baseline,
followed by a pattern of increased LFP amplitude. In Phase 3 (P3), there was a significant
increase in the magnitude of baseline voltage compared to P1 and P2; two out of four Gz-/- mice
diedin P3.

Fig. 4. Electr ographic seizur e activity correspondsto seizur e behaviors. Representative
examples of litter mates of each genotype are shown. Gz-/- mouse (left) showed more robust
L FP activity and severe seizure behavior than WT animals (right). The plot shows change
in voltage (mV) on the y-axisover the duration of the experiment (time in ms on the x-axis).
The behavioral seizure scale (1-5) was color coded to relate the severity of behavior during
recordings. O- white; 1- white; 2- gray; 3- yellow; 4- magenta; 5- red (refer to Methods for

a description of corresponding behavior).

Fig. 5. Phases of Gz-null electrographic seizures. Representative examples of thethree
phases, P1, P2, and P3, of Gz-/- electr ographic seizures are marked by double headed
arrowsin theA.) dorsal hippocampus and B.) ventral hippocampus. The plots show change
in voltage (mV) on the y-axis over the duration of the experiment (timein mson the x-axis). C.)
Phase 1 of the Gz-/- EGS D.) Phase 2 was mar ked by progressiveincreasein LFP
amplitude followed by a shar p decline to baseline levelsand E.) Phase 3 showed a rapid

and sustained increased in LFP amplitude.

Discussion
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Here we have shown that removal of the Guz protein increased seizure susceptibility both
behaviorally and electrographically in a mouse model. The Goz -null group demonstrated
substantially more severe seizure behavior, which was measured as a higher count of stages 3, 4,
and 5 when compared to the WT group. The LFP data support this finding, as evidenced by Goz
-null mice having earlier and more robust changes in LFP activity, corresponding well with
behavioral differences (Figure 4). Stage 4 and stage 5 behaviors, only observed in the Gaz -null
animals, were more likely to happen during phase 3 when there was a substantial increase in LFP
amplitude. Thisdistinction is particularly noteworthy as these advanced stages are considered
generalized seizures and may lead to further work in characterizing the mechanisms of hyperexcitability
in Gz-null mice. In the WT group, only one of three mice showed signs of electrographic seizures.
In WT mice that did not have electrographic seizures, there were irregular patterns after
pilocarpine injection that were not considered seizure because they did not last for at least 10
seconds.

These results showed that Gz -null mice had more severe behavioral and eectrographic
seizures and faster spread of seizures across al of regions that were measured, compared with
WT mice. The behavioral and electrographic results confirm the role of Gaz in mediating seizure
severity and susceptibility. The site of seizure onset and progression for the WT was the
hippocampus, which closely matches the pattern from other studies*; the Gz -null mice showed
several different patterns, with >10sec seizures of several animals originating in the
hippocampus as well and one in the amygdala.

Interestingly, the GNAZ gene isfound at chromosomal site 22q11.2, aregion with
extremely common microdeletions and microduplications associated with severe behavioral
abnormalities®™. One study found that a patient with gene duplications in the GNAZ region has

seizures and epilepsy, suggesting that our findings may reflect a naturally occurring biological
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phenomenon*. This same patient also has psychosis and anxiety, which also overlap well with
phenotypes previously described in Gz-null mice™. It has been shown that seizure disorders have
a high comorbidity with other psychiatric disorders, such as personality disorders, depression and
anxiety disorders **. Interestingly, Gz -null mice have been shown to display heightened
anxiety and depression-like behavior % and show an altered response to psychoactive drugs such
as amphetamine ¥, Further studies into the mechanisms by which Gz-null mice have increased
seizure susceptibility, may result in finding a common mechanistic linkage.

There are several cell signaling networks in which Gz plays a key role that have also been
demonstrated to contribute significantly to seizure susceptibility. Gz has been linked to signaling
by the neurotrophin, BDNF, which has also been shown to play a major role in mediating seizure
susceptibility and severity . Studies have shown that BNDF is upregulated in areas
implicated in epileptogenesis, and interference with BDNF signal transduction inhibits the
development of epilepsy *’. Mice heterozygous null for BDNF display a delay in epileptogenesis
by use of the kindling model of temporal lobe epilepsy *2. The findingsin this current work
further implicates BDNF expression in epileptogenesis.

Gz has also been shown to couple in vivo to the mg or monoamine neuromodul atory
systems, serotonergic, dopaminergic, and adrenergic, which also play important rolesin seizure
susceptibility %%, In particular, the 5-HT 1, serotonin receptor has been shown to increase
seizure threshold™®. When compared to WT littermates, 5-HT 1, knockout mice display increased
anxiety-related behaviors across ethological behavioral tests “**°. Similarly, the D2-dopamine
receptors play an important role in mediating anticonvulsant effects within the context of acute
pilocarpine-induced seizure models™. While other GOi subunits have been shown to couple to

metabotropic glutamate receptors, chimeric studies indicate that Gz binding to mGIuRsis
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much more limited *>°3 Gz has not been found to couple endogenously to mGluRs ?**%*3, Given
the complex relationship between serotonin and dopamine in epilepsy, arole for Gz in mediating
sei zure susceptibility raises the possibility of Gz-regulated cell signaling events downstream of
these neuromodulators in regulating sei zure susceptibility.

Materials and M ethods

Animal Care and Use
All experiments were carried out in accordance with Duke Institutional Animal Care and
Use Committee and the EC Directive on the protection of animals used for scientific purposes.

Animals were housed on a 12 hour light/dark cycle and provided food and water ad libitum.

Breeding and Maintenance of Gz-knockout mouse line

Two 7-week-old male Gz+/- Balb/cAnNcrIBR (Balb/c) mice were obtained in January
2005 from lan Hendry at Australian National University. These mice had been back-crossed by
the Hendry group into the Balb/c background for over 10 generations and were mated with 6-
week-old female Balb/c mice from Charles River Labs to generate founders for the Duke
University colony. The colony was maintained using Het x Het breeding triads of one male and
two femal es. Breeding triads were replaced when litter size declined (at approximately 9-12
months of age) atotal of seven times throughout the course of these studies over five years. New
breeding triads were chosen from offspring of different littersto limit any genetic drift.
Approximately three experiments were conducted per generation. Whenever possible, wild-type
littermate controls were used for the pilocarpine sei zure experiments; otherwise, age and weight-
matched animals were chosen such that 54% of the wild-type animals used in these studies were

littermate controls. Notably, when housed with wild-type mice, Gz-/- Balb/c mice routinely gain
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excessive weight; therefore, experimental mice were segregated by genotype at 3 weeks of age
(prior to experiments).
Pilocarpinecarpine-induced seizure studies

Sixteen week-old male mice in an inbred BALB/c background were used to characterize
seizure behavior. All mice were pre-treated with a 2 mg/kg dose of scopolamine methyl-bromide
and terbutaline hemisulfate (Sigma) by intraperitoneal (1P) injection to prevent peripheral effects
of the pilocarpine. After 30 min, mice were treated with pilocarpine hydrochloride (Sigma) by IP
injection. Mice were observed and their behavior was recorded in 5 min windows for 4 h.
Behavior was classified as follows: stage O, no behavioral sign of seizure; stage 1, facial
stereotypes such as lip smacking or foaming at the mouth, as well as loss of conscious response
to sounds and smells; stage 2, compulsive head nodding; stage 3, forelimb clonus (rapid
shuffling of paws); stage 4, seizure including rearing onto hind limbs; stage 5, seizures involving
barrel rolling; FS, fatal SE, seizure terminating in death. Status epilepticus was defined as a stage
2 or higher lasting for at least 30 minutes or longer.

Electrode Design and Surgery:

Recording electrodes composed of Tungsten wires (50um) arranged into bundles were
surgically implanted into the brain to gather LFP recordings as described by Dzirasa, et al. >*.
The following brain regions were implanted with the corresponding coordinates,
anterior/posterior (A/P) and medial/lateral (M/L), measured in millimeters (mm) from Bregma,
and dorsal/ventral (D/V) measured from brain: amygdala (-1.3 A/P, 3.0 M/L, -4.6D/V), dorsal
hippocampus (-2.2 A/P, 1.5-2.25 M/L, -2.0D/V), ventral hippocampus (3.0 A/P, 3.0 M/L, -
2.5D/V), thalamus (-0.6 A/P, 0.6 M/L, -3.5D/V), motor (2.1 A/P, 2.0 M/L, -1.0D/V) and sensory

cortices (.02 A/P, 2.7 M/L, -1.6D/V). Briefly, mice were treated with anesthetics, ketamine

13


https://doi.org/10.1101/567628

bioRxiv preprint doi: https://doi.org/10.1101/567628; this version posted March 6, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(100mg/kg) and xylazine (10mg/kg), and placed on a stereotaxic device where the scalp was cut
at the midline to expose the skull. Three ground screws were embedded in the front, back, and to
the right of the skull.
Electrophysiological Recordings

For the eectrophysiology experiments, four animals per group (Gz-null and WT cohorts)
were implanted. After surgery, all mice were habituated to being handled and moving while
being plugged in to the electrophysiological recordings apparatus. The recording apparatus was
constructed such that the mice were able to move freely while plugged in. During
electrophysiological recordings, mice were connected to arecording headstage and L FP data was
collected at 1000Hz using Blackrock Microsystem CerePlex™ Direct acquisition egquipment and
software. After the habituation period, mice were treated with pilocarpine, in the same manner as
for the behavioral experiments, and el ectrophysiological recordings were collected throughout
the duration of status epilepticus.
Electrographic Seizure Identification and Data Analysis:

MATLAB was used to create visual graphics of LFP recordings as voltage (mV) against
time (milliseconds). An electrographic seizure was defined as a consistent, irregular set of
waveforms that |asted for at least 10 seconds ** (Figure 2). Also, the time of the first seizure

lasting 10 seconds was identified as seizure onset as has been done in various studies **>>°.
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