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Abstract 
Seizures are marked by a state of irregular, recurrent neuronal activity in the brain. Seizures are 
typical across a wide range of disorders including epilepsy, autism, and they are high 
comorbidity with anxiety disorders. 
 
In the mouse model, increased levels of brain-derived neurotrophic factor (BDNF) have been 
linked to increased seizure susceptibility. Gαz, a member of the G-protein family, is important 
for the negative regulation of BDNF; Gαz-null show more BDNF-regulated axon growth. We 
postulated that since Gαz-null mice have increased levels of BDNF, Gαz might play a role in 
mediating seizure susceptibility. A previous study from our lab showed that Gαz -null mice were 
in fact more susceptible to seizures than wildtype (WT) mice.  
 
This study was conducted to characterize neuronal seizure activity and progression across 
different brain regions for this genetic model. Electrodes were implanted into the brains of WT 
and Gαz -null mice to record the local field potential (LFPs), proxy for relative activity, during 
induced seizure by the pilocarpine (180mg/kg) drug. LFP data was recorded simultaneously from 
6 brain regions: amygdala, dorsal hippocampus, motor cortex, somatosensory cortex, ventral 
hippocampus, and thalamus. 
 
The Gαz -null mice had more severe seizure behavior and more robust electrographic activity in 
comparison to the WT group. The site of seizure onset and progression for the WT group closely 
matches the pattern from other studies, while the Gαz -null mice showed a novel pattern. The 
behavioral and electrographic results confirm the role of Gαz in mediating seizure severity and 
susceptibility; further studies will be needed to confirm the seizure progression pattern noted for 
the WT and Gαz-null groups.	
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I. Introduction  
	
 Seizures are an abnormal neuronal state marked by recurrent, irregular activity in the 

brain (Fisher et al., 2005). These irregularities can manifest as a wide range of symptoms 

depending on factors, such as location in the brain, age, and environmental factors (Fisher et al., 

2005). For example, studies have shown that there are various forms of seizures that present at 

different ages in children (Cavazzuti, 1980, Kramer et al., 1998). The frequent reoccurrence of 

severe seizures, as seen in epilepsy, can have adverse effects such as brain damage and neuronal 

cell loss (Holmes and Ben-Ari, 2001). 

In order to better understand and develop therapeutics for seizure-related disorders, we 

first need to understand its characteristics in a model that can be manipulated and tested. 

Previous studies have shown that induced-seizures in mice show similar characteristics to 

epilepsy in humans (Curia et al., 2008). The limbic structures, especially the hippocampus, have 

been noted as key regions for seizure in both humans (During and Spencer, 1993) and mice 

(Turski et al., 1983). The mouse model has also been useful in understanding the comorbidity of 

seizures, psychiatric disorders, and behavioral anomalies (Swinkels et al., 2005, Groticke et al., 

2007). Therefore, the mouse model is effective for studying these irregular brain conditions. 

Brain-derived neurotrophic factor (BDNF) is important for regulating the survival and 

development of neurons by mediating axon growth and synapse connections (Tsai, 2005). An 

increased level of BDNF can contribute to amplified synaptic connections between neurons, 

which can cause erratic, enhanced firing at these connections. Interestingly, normally functioning 

brains with up-regulated BDNF signaling in specific brain regions are more prone to seizures and 

epileptogenesis (Binder, 2004, McNamara and Scharfman, 2012). Also, mice have been shown 
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to express increased levels of BDNF after lesion-induced seizures (Nawa et al., 1995). Therefore, 

these biological pathways that regulate BDNF levels are important for mediating seizures.  

The Gαz protein plays a crucial role in neuronal signaling, especially through the 

retrograde transport of neurotrophic factors such as BDNF (Johanson et al., 1995, and Ho and 

Wong, 1998). Gαz, a heterotrimeric protein, is part of the G protein family. Members of this 

family bind intracellularly to G-protein coupled receptors (GPCRs), a class of trans-membrane 

receptors that transduce external stimuli into a cascade of secondary intracellular messengers in 

specific pathways (Ferguson, 2001). Specifically, the Gαz protein was shown to be important in 

the negative regulation of BDNF-mediated axon growth (Hultman et al., 2014). The increased 

BDNF levels in Gαz -null mice should correspond to higher seizure susceptible as suggested by 

(Nawa et al., 1995, Binder, 2004). A preliminary study confirmed that Gαz-null mice are more 

seizure susceptible; therefore, the Gαz protein is one target protein for understanding the 

biological basis of seizures.   

 Although Gαz has been shown to affect seizure behavior, not much is known about the 

underlying neural networks. The activity in the brain is comprised of complex relay of signals 

within and across multiple brain regions. (Spencer, 2002) proposed that epileptic seizure can be 

understood as a phenomenon of neural networks that can originate at a locus in the brain and 

spread to other parts within the network. Therefore, monitoring the activity across different brain 

regions as a seizure progresses can confirm the presence and connectivity of these networks. 

Seizure experiments in human use electroecncephalogram (EEG) to monitor brain 

activity from the scalp (Le Van Quyen et al., 1998). However, Dzirasa et. al (2011) have 

developed a method to simultaneously monitor the activity (local field potential and individual 

neuron spiking) in multiple brain regions in-vivo in freely behaving rodents. Wires can be 
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implanted deep into targeted brain regions in order to measure and record local field potentials 

(LFPs) (Dzirasa et al., 2011). LFPs are the superimposed sum of extracellular electric fields, 

which a created by the electrochemical activities of excitable membranes in the brain, including 

action potentials and “transmembrane current” (Buzsaki et al., 2012). The LFP recorded from a 

specific region can be analyzed by the amplitude and frequency of waves; these measures are 

dependent on the “proportional contribution of different sources and properties of the tissue” 

(Buzsaki et al., 2012). LFPs waveforms and intensity provides information about the relative 

amount of activity and changes occurring in the recorded brain regions, which allows for the 

identification of abnormal electrical signals in the brain that correspond to seizures 

The goal of my study is to investigate the neurophysiology of Gαz -mediated seizures, 

specifically focusing on LFPs activities in distinct brain areas. Also, another aim is to determine 

if there are significant differences in neuronal activity between Gαz -null and wild type (WT) 

mice. The study will focus on specific brain regions including the amygdala, dorsal 

hippocampus, ventral hippocampus, motor cortex, sensory cortex and the thalamus; these regions 

have noted susceptibility to display epileptic activity (Turski et al., 1983).  

I propose the following predictions: (1.) Gαz -null mice, when compared to the WT 

group, should show overall increased seizure behavior and LFP activity in all recorded brain 

regions; (2.) the ventral hippocampus will be the earliest site of seizure in both WT and Gαz-null 

mice as proposed by (Toyoda et al., 2013).  

II. Materials and Methods 

Overview: 

Eight Balb/c male mice were used in the experiment: four mice were WT and the other 

four were genetically modified to lack the Gαz protein (Gαz -null or KO). All mice were 
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surgically implanted with recording electrodes and allowed to recover. The electrodes consisted 

of wire bundles designed to record neuronal cell firing and local field potentials (LFPs) under 

home cage conditions, and during induced seizures. After seizure experiments, mice were 

perfused with paraformaldehyde and their brains were collected to verify the location of 

implanted electrodes. The experiments were done with supervision from Dr. Rainbo Hultman. 

Electrode Design:  

Tungsten wires (50µm) were arranged into bundles that were directly implanted into the 

brain to gather LFP readings from the following brain regions: amygdala, dorsal hippocampus, 

ventral hippocampus, thalamus, motor and sensory cortices (Figure 1A, see Table 1 for 

coordinates). These bundles were connected to a circuit board to make the recording electrode 

(Figure 1B) and implanted on a freely-moving mouse (Figure IC).  

 Figure: 1A       1B          1C  
 
 
Surgery: 
 
 The surgical procedures were modeled after that designed by Dzirasa et al. (2011). Mice 

were treated with anesthetics, ketamine (100mg/kg) and xylazine (10mg/kg). The mice were 

placed on a stereotaxic device and 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. Brain coordinates 

for implanting the bundles were measured from bregma, the approximate midpoint of the skull. 
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Figure 2: Freely moving mouse 
plugged into the recording device. 

At these coordinates, holes were drilled in the skull and the wire bundles implanted into each 

region. Exposed parts of the electrode were covered and glued to the skull with dental acrylic. 

The electrode design and surgery coordinates for each position are listed in Table 1 below:  

 

Habituation and Electrophysiological recordings: 

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 into the 

machine. Each mouse was plugged-in to the recording apparatus 

for 30 minutes, three times a week for at least a month, in their 

respective home-cages. During electrophysiological recordings, mice electrodes were connected 

to a recording head-set (Figure 2). LFP data was collected at 1000Hz with Blackrock 

Microsystem CerePlex™ Direct acquisition device and software.  

 

Table 1 

Region Electrode 
length 

Medial/Lateral Anterior/Posterior Dorsal/Ventral 

Amygdala 5.6mm +/- 3.0 -1.3 -4.6 

Dorsal Hipp 3mm 1.5 - 2.25 -2.2 -2.0 

Ventral Hipp 3.5mm +/- 3.0 -3.0 -2.5 

Sensory Ctx 2.5mm +/-2.7 +0.02 1.6 

Motor Ctx. 1.75mm +/-2.0 +2.1 -1.0 

Thalamus  4.5mm +/- 0.5 -0.6 -3.5 
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Pilocarpine and seizure behavior: 

 The seizure experiment was conducted in four trials with eight mice, 4 WT and 4 KO; 

each trial was done with a WT and KO mouse. Mice received a pre-treatment of 2mg/kg dose of 

scopolamine methyl-bromide and terbutaline hemisulfate. After 30 minutes, mice were treated 

with a low dose of pilocarpine hydrochloride (PILO) (180mg/kg, Sigma). PILO is a cholinergic 

agonist that has been used in multiple studies to induce seizures (Turski et al., 1983, Turski et al., 

1984)  

Mice were observed for seizure behavior as they progressed through the stages of 

seizures. The stages are ranked in order of increasing severity: 0-no noticeable change in normal 

behavior; 1- facial movements including foaming at mouth and lip smacking; 2- head nodding; 

3- rapid shuffling of the forelimbs; 4- rearing onto hind limbs; 5- violent barrel rolling and 

movement leading to death. At 5 minutes’ intervals, the highest number (1-5), corresponding to a 

behavior, was noted. Electrophysiological recordings and seizure behavior was simultaneously 

collected for seven mice, 3 WT and 4 KO; the implanted electrode came of one WT mouse 

during PILO injection. The experiment was ended when both mice showed no behavioral signs 

of ongoing seizure.  

Perfusion:  

Mice were euthanized immediately after monitoring and recordings of seizure behavior. 

The mice were first anaesthetized with euthasol via intraperitoneal injection. To access the heart, 

a U-shaped flap was cut open at the zyphoid process, beneath the rib cage, and the heart was 

made visible. A syringe tip connected to tube carrying PFA was inserted into the left ventricle of 

the heart. Phosphate buffered solution (PBS) was used to clear the blood vessels, and 

Paraformaldehyde (4%) (PFA) was the fixative agent. The PFA-fixed mice were then 
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decapitated using a pair of dissection scissors (Fine Science Tools). The brain was procured and 

stored in a PFA solution and frozen for further analysis.   

Electrographic Seizure Identification and Data Analysis: 

 A MATLAB script was used to create visual graphics of LFP recordings as change in 

voltage against time (seconds) (see results). An electrographic seizure was defined as a 

consistent, irregular set of waveforms that lasted for at least 10seconds (Bragin et al., 2005). 

Also, the time of the first seizure, lasting 10seconds after the PILO injection, was identified as 

seizure onset. Electrographic seizures (EGS) were identified by eye as has been done in various 

studies (Bragin et al., 2005, Bower and Buckmaster, 2008, Toyoda et al., 2013). In addition, 

other simple statistics were calculated using Microsoft Excel.  

III. Results  

Behavior: 

The duration of the seizure experiment was about 3-3.5 hours for all four trials. 

Following the behavior scale (described in the methods), all 4 KO mice showed more severe 

seizure-like behaviors than the 4 WT animals (refer to Figure 3). 2 of 4 KO mice reached stage 5, 

showing violent barrel rolls, and eventually died during the electrophysiological recording.  
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Figure 3: Graphs displaying the progression of seizure behavior for WT and KO mouse 
over the course of the experiment. The concentric circles represent different stages of seizure 
behavior (0-5) varied over 5-minute intervals. The numbers on the outer rings show the time of 
the experiment. The WT animals are coded in blue and the KO animals are coded in red; they are 
overlapped to show the contrast in severity of behavior.  
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Figure 4: The average time of seizure onset (minutes) for each 
recorded brain region for the WT and KO groups.  
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Electrographic Seizure (EGS) Onset and Spread: 

 All animals showed behavioral signs of seizure; 4 out of 4 KO mice showed signs of 

EGS, while 2 out of 3 WT mice had EGS. 1of 2 WT mouse had seizure activity limited to the 

amygdala, thalamus and somatosensory cortex.  

On average, the onset of seizures was earlier in KO mice when compared to WT mice. 

The average time of first EGS across all brain regions, after PILO injection, for KO mice was ~5 

± 3 minutes and for WT it was ~32 ± 6 minutes. The average seizure onset times for each region 

and genotype are presented in Table 2. 

 

 

Table 2 

 KO WT 

Amygdala 3.892 29.247 

D Hipp 4.954 23.607 

M_Ctx 3.886 34.881 

SS_Ctx 6.062 33.497 

Thalamus 6.175 36.071 

V Hipp 4.887 28.772 

Table 2: The average time, in 
minutes, for seizure onset for 
each region by genotype. 
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20s 

 Within the KO group, there was variation in the seizure spread pattern; however, the 

average value of onset time for each region in shows the progression in Figure 5A.  

 
EGS Onset Identification 
 

 
 

 

 
 

 
 
 

 
 

     
 

 
 
 
 
Figure 6:  
The onset of seizure is represented by the change in LFP excitability (mV); red arrows show the 
wave spike identified as the onset of the seizure. LFP data shows a reduction in baseline activity 
that transition into recurrent, increased spiking for at least 10 seconds. 
 

Figure 5A: The average spread pattern (from left to right) for KO animals. 

Figure 5B: The average spread pattern (from left to right) for WT animals. 
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WT vs. KO EGS: 
 
Mouse                 KO (seizure)      WT (seizure)          WT (ns)  
 
 
 
Amygdala  
 
 
 
 
 
 
D Hipp 
 
 
 
 
 
 
Motor Ctx.  
 
 
 
 
 
SS Ctx  
 
 
 
 
Thalamus  
 
 
 
 
V Hipp   
 
 
 
 
Figure 7: The KO animals’ seizures showed more robust LFP activity and severe seizure 
behavior than WT animals. The plot show change in voltage (mV) over the duration of the 
experiment. The seizure scale (1-5) was color coded to relate the severity of behavior to LFP 
progression. 0- white; 1- white; 2- gray; 3- yellow; 4- magenta; 5- red (refer to Methods for a 
description of corresponding behavior). 
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Characteristics of KO Seizure: 
 
 Across all regions, the EGS in KO mice were more robust and severe than WT mice. In 

addition, the seizures in KO mice showed a pattern of progression that was divided in three 

phases (Figure 8 and Figure 9). 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 that before PILO 

injection (Figure 8C). Phase 2 (P2) was marked by a decrease in LFP baseline, followed by a 

pattern of increased LFP amplitude that (Figure 8D). In Phase 3 (P3), there was a significant 

increase in the magnitude of baseline voltage compared to P1 and P2; 2 out 4 KO mice died in 

P3 (Figure 8E).  

A.)                  B.) 

 
 
 
 
 
 
 
 
 
 
 

 
C.)                                    D.)                                                      E.) 

 
 
 

 

Figure 8: The three phases, P1, P2, and P3, of KO electrographic seizures are marked by 
arrows in the A.) dorsal hippocampus and B.) ventral hippocampus. C.) Phase 1 of the KO 
EGS, D.) Phase 2 was marked by progressive increase in LFP amplitude followed by a sharp 
decline to baseline levels and E.) Phase 3 showed a rapid and sustained increased in LFP 
amplitude.   
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Figure 9: Change in the baseline voltage (mV) averaged across all brain regions in the KO. 
The baseline for each phase was measured as the average value of |trough- peak| excluding time 
periods with increased LFP amplitude.  
 

IV. Discussion  

The Gαz -null group showed more severe behavior, which was coded as a higher count of 

stages 3, 4, and 5 (Figure 3) when compared to the WT group. In fact, none of the animals in the 

WT group progressed to a stage 4 or stage 5. The behavior findings are supported by a similar 

study conducted by Hultman (2011). Also, the LFP data showed that the Gαz -null mice had 

more severe seizure because of more robust the LFP activity (Figure 8). Stage 4 and stage 5 

behaviors, only noted in the Gαz -null animals, were more likely to happen during phase 3 when 

there was a substantial increase in LFP amplitude.  

In the WT group, only one of three mice showed signs of electrographic seizures. In WT 

mice that did not have electrographic seizure, there were irregular patterns after PILO injection 

that were not considered seizure because they did not last for more than 10 seconds. The WT-ns 

mouse in Figure 7 was classified as not showing electrographic seizures, but it had behavioral 

seizures mostly compromised of stage 3. The seizure behavior might be linked to the cholinergic 
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effect of the pilocarpine drug, or a number of factors that might have caused defective recording 

conditions, such as a faulty electrode. In both parts of the experiments, behavioral and 

electrophysiology, my hypothesis was correct about the severity of seizure; the Gαz -null mice 

showed a higher susceptibility to seizures through the pilocarpine mode.  

Further, the results of the study did not support my hypothesis that the ventral 

hippocampus would be the earliest site of seizure onset in both WT and KO groups, as was 

shown by (Toyoda et al., 2013). The earliest site of onset for the Gαz -null mice was the motor 

cortex, but the dorsal hippocampus for the WT group (Figure 5). The ventral hippocampus was 

the third region for the KO mice, but the second region for the WT animals.  

Moreover, there are certain results from this study that can be supported by other 

literature. First, Toyoda et al. (2013) showed that ventral hippocampus was more likely to be site 

for seizure onset, but onset was most frequently noted in either the ventral or dorsal hippocampus 

than any other region. The WT pattern of seizure spreading (shown in Figure 5A) supports this 

observation because seizures started in the hippocampus, albeit the dorsal hippocampus. The 

Gαz -null spread pattern (Figure 5B) does not show a similar trend, their seizures started more 

frequently in the motor cortex.  

Second, the amygdala usually followed seizures that originated in the either of the 

hippocampal formation because they are adjacent regions (Toyoda et al., 2013). For the Gαz -

null group, the amygdala preceded but did not follow the hippocampal structures. For the WT 

group, the amygdala was the next region after seizures started in the hippocampus. Also, the 

progression from the hippocampus to amygdala and cortex was observed by Turski et al., (1983) 

in rats treated with pilocarpine; this pattern of progression matches the WT pattern (shown in 

Figure 5B) but not for the Gαz –null mice. Third, the thalamus was the last brain region for 
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seizure onset both within, and between, the WT and Gαz -null group, which is supported by 

(Toyoda et al., 2013).  

These results showed that Gαz -null mice (1.) had more severe behavioral and 

electrographic seizures, (2.) developed seizures, in all regions, faster than the WT mice and (3.) 

showed a novel seizure spreading pattern. The behavioral and electrographic results confirm the 

role of Gαz in mediating seizure severity and susceptibility. 

Further Research:  

Although this study yielded both comparative results to Toyoda et al. (2013) and Turski 

et al. (1983), definitive conclusions might be limited by the small sample size. Therefore, a 

larger of cohort of both WT and KO animals would need to be implanted and recorded in order 

to make more conclusive statements about the spread of seizure across brain regions. 

Also, the LFP data from the seizure experiment provides a number of different measures 

that will require further analysis beyond the scope of this paper. Preliminary analysis would 

involve breaking down the LFP activity into specific frequencies, including delta (4-10 Hz), beta 

(10-30 Hz), gamma (30-80 Hz) and fast (80-200 Hz) (Buzsaki and Watson, 2012). Seizure 

studies in humans, using Electroencephalogram (EEG), have focused on the power of higher 

frequencies (200-500 Hz) at the onset of seizure (Worrell et al., 2004, Bragin et al., 2005, Jirsch 

et al., 2006). A power analysis focusing on both higher and lower frequencies can confirm the 

identity of seizure onset and highlight differences between the WT and Gαz -null mice.  

Further, it has been shown that seizure disorders have a high comorbidity with other 

psychiatric disorders, such as personality disorders, depression and anxiety disorders (Gaitatzis 

et al., 2004). Interestingly, Gαz -null mice have been shown to display heightened anxiety and 

depression-like behavior (Oleskevich et al., 2005) and show an altered response to psychoactive 
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drugs such as amphetamine (van den Buuse et al., 2005). Therefore, a number of tests can be 

conducted on the Gαz -null mice to further understand the comorbidity between anxiety and 

seizure disorders. Prior to seizure experiments, we measured the relative anxiety of mice using 

an open-field test (OFT). The OFT is a paradigm used to measure how much a mouse is willing 

to explore a novel environment, which can serve as an indicator for anxiety behavior (Ramos et 

al., 1997). An in-depth analysis of this data can better test for a correlation between seizures and 

anxiety, especially using LFP data.  

Implications: 

Seizures are characteristic of many diseases including epilepsy (Fisher et al., 2005), 

sudden unexpected death in epilepsy (SUDEP) (Annegers and Coan, 1999) and autism (Tsai, 

2005). Epilepsy causes adverse psychiatric, physical and social harm; alone, it accounts for 0.5% 

of the global burden of disease (Leonardi and Ustun, 2002). More studies on the genetics, 

biological, and electrophysiological mechanism underlying these disorders will continue to 

advance the therapies necessary to heal mental illnesses and improve lives.  
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