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Devices) and a stimulus isolator (model 2200; A-M Systems). Signals were amplified using a 

differential amplifier (model 1800; A-M Systems), filtered at 1 kHz, and digitized at 10 kHz. For 

all experiments, baseline stimulus intensity was set at the level that elicited ∼50% of the maximum 

fEPSP response as determined from the input–output curve. The input–output relationship was 

determined by stimulating slices from 0 to 15 mV at 0.5 mV increments. Short-term plasticity was 

measured via paired-pulse facilitation (PPF), which was induced by stimulating slices at half-max 

intensity with sequential pulses spaced at 20 ms intervals from 20 to 300 ms. LTP was induced by 

a theta-burst stimulation (TB-stimulation) protocol, which consisted of five trains of four pulse 

bursts at 200 Hz separated by 200 ms, repeated six times with an intertrain interval of 10 s. For 

analysis, the last 10 minutes of recording was averaged and compared. 

 

Statistical Analysis 

All data is represented as the mean ± SEM. Data was analyzed using Student’s t-test or 

ANOVA followed by Tukey’s Multiple Comparison test, set at a significance of p < 0.05 

(GraphPad Prism software). 

 

Results 

Short-Term Ganaxolone Administration Decreases Anxiety and Improves Motor  

Deficits in AS Mice 

To evaluate general anxiety, percent time spent in the open arm of the EPM was analyzed 

by two-way ANOVA with genotype and treatment as factors. AS mice spent significantly less time 

in the open arm compared to WT controls and AS treated animals (Figure 3.1A). We found a 
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significant interaction of group and treatment (F (1,42) = 5.20, p < 0.05; Bonferroni post-hoc tests: 

WT vs. AS p < 0.05, AS vs. AS GNX p < 0.05). 

Figure 3.1. Short-term ganaxolone administration significantly improves the anxiety motor, and 

audiogenic seizure phenotypes in the AS mouse similar to WT controls. (A) WT and AS mice were 

treated with BCD or GNX for 3 days and then tested in the EPM. Bars represent % total time spent 

in the open arms of the EPM during a 5 min test period. AS mice spent less time in the open arms 

than WT mice. GNX did not affect the open arm time of WT mice but GNX did increase the open 

time of AS mice so that it was not significantly different from that in WT mice (WT and WT GNX: 

n=12; AS and AS GNX: n=13). (B) Mice were tested on an accelerating rotarod for 4 trials a day 

for 2 days. AS mice exhibited a significantly reduced average latency to fall. GNX treatment did 

not affect average latency to fall values in WT animals. AS GNX animals did not perform 

significantly different from that of WT mice (WT and WT GNX: n=12; AS and AS GNX: n=13). 

(C) Latency to fall in the wire hang test was unaffected by GNX treatment compared to BCD-

treated controls. AS mice performed poorly on the wire hang task compared to WT controls. AS 

GNX mice demonstrated a significant increase in the latency to fall that was not significantly 

different from that of WT mice (WT: n=8; WT GNX and AS: n=6; AS GNX: n=4). (D) GNX-

treated AS mice exhibited a reduced frequency of audiogenic seizures following 115 dB sound 

stimulation compared with BCD-treated control mice. (E) Latency to seizure following audiogenic 

stimulation was significantly increased in AS GNX mice compared to BCD-treated controls (AS: 

n=19; AS GNX: n=16; *p < 0.05, **p<0.01, ***p < 0.001). 
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 Following the 3 day ganaxolone treatment, AS control mice demonstrated significant 

deficits in rotarod performance compared to WT controls and AS GNX-treated mice (Figure 3.1B, 

repeated measures ANOVA p < 0.001; WT and AS GNX vs. AS p < 0.001). AS mice also 

demonstrated a significant hind limb clasping phenotype compared to WT controls and AS treated 

mice (Figure 3.1C). A two-way ANOVA revealed a significant effect of genotype (F (1,17) = 8.66, 

p < 0.01; Bonferroni post-hoc tests: WT vs. AS p < 0.01; AS vs. AS GNX p < 0.05). All WT and 

WT GNX mice were able to hang for the maximum trial time of 60 seconds, while 20% of AS and 

75% of AS GNX mice reached the maximum trial duration. 

 

Short-Term Ganaxolone Treatment Decreases Audiogenic Seizure Frequency and  

Latency 

Following audiogenic stimulation, we observed seizures in 63% of the AS mice, whereas 

no seizures were observed in WT animals (data not shown). AS mice treated for 3 days with 

ganaxolone demonstrated a 45% reduction in seizure activity compared to AS controls when tested 

(Figure 3.1D, p < 0.05 Fisher’s exact test). AS treated animals also demonstrated a significant 

increase in latency to seize (50.94 sec) compared to AS controls (28.02 sec) (Figure 3.1E, p < 

0.01).  

 

Ganaxolone Decreases Anxiety and Improves Motor Coordination 

General locomotor activity was examined in the open field test, as measure by overall 

distance traveled in 15 minutes. There was no significant difference in general locomotion in mice 

treated with ganaxolone for four weeks (Figure 3.2A). Anxiety was measured in the elevated plus 

maze as percent time spent in the open arm of the maze. AS GNX mice spent significantly more 

time in the open arm compared to AS controls (Figure 3.2B). A two-way ANOVA revealed a 
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significant interaction of group and treatment (F (1,36) = 6.32, p < 0.05; Bonferroni post-hoc tests: 

AS vs. AS GNX p < 0.05). AS mice were more anxious than WT controls, similar to reports of 

patients with AS (Clayton‐Smith, 2001; Thibert et al., 2013). 

Figure 3.2. Chronic ganaxolone administration decreases anxiety and improves motor 

coordination in AS mice without affecting general locomotor activity. (A) Open field: distance 

traveled. Following 4 weeks of ganaxolone administration, mice underwent open-field testing as 

control for general locomotor activity. Data represent the overall distance traveled in the open 

field. There were no significant differences between experimental groups (WT and AS controls: 

n=12; WT GNX: n=10; AS GNX: n=11). (B) Elevated plus maze: anxiety levels were significantly 

decreased in AS GNX mice compared to AS controls (WT: n=13; AS: n=9; WT GNX: n=12; AS 

GNX: n=10). (C) Average latency to fall on the accelerating rotarod was significantly decreased 

in AS mice compared to WT controls, while AS treated mice demonstrated significant motor 

improvements compared to AS BCD mice (WT: n=13; AS: n=9; WT GNX: n=12; AS GNX: 

n=10). (D) Severity of the hind limb clasping score was significantly decreased in AS GNX-treated 

mice (WT and WT GNX: n=18; AS: n=16; AS GNX: n=17; *p < 0.05 and ***p < 0.001). 

  

Following 4 weeks of ganaxolone administration, we observed significantly improved 

motor coordination and motor learning in AS GNX mice compared to AS controls as demonstrated 
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by an increased latency to fall off the rotarod (Figure 3.2C, repeated measures ANOVA p < 0.0001; 

WT vs. AS and AS GNX p < 0.001; AS vs. AS GNX p < 0.001; WT vs. WT GNX p < 0.05). 

Neurological and motor improvement was also observed by a significantly decreased hind limb 

clasping score in AS treated mice compared to AS BCD animals (Figure 3.2D). A two-way 

ANOVA revealed a significant effect of genotype (F (1,63) = 65.84, p < 0.0001) and treatment (F 

(1,63) = 4.79, p < 0.05) (Bonferroni post-hoc tests: WT vs. AS p < 0.001; AS vs. AS GNX p < 

0.001; WT vs. WT GNX p < 0.05).  

 

Long-Term Ganaxolone Treatment Recovers Spatial Working Memory and LTP  

Deficits 

Figure 3.3. Effects of ganaxolone on spontaneous alternation behavior in the Y-maze task. (A) 

Percentage of spontaneous alternation in the Y-maze. AS mice displayed significant deficits in the 

Y-maze spontaneous alternation task compared to WT, WT GNX, and AS GNX mice. The dashed 

line represents the chance level of alternation (random, 50%). (B) The number of total entries in 

the arms of the Y-maze did not differ significantly between groups (n=8, *p < 0.05). 

 

Spontaneous alternation behavior, which is regarded as a measure of spatial working 

memory, was investigated next. AS mice displayed significantly impaired working memory when 

measured four weeks post osmotic pump implantation, whereas the AS GNX group performed to 

WT levels (Figure 3.3A). A two-way ANOVA revealed a significant interaction of group and 

treatment (F (1,26) = 6.32, p < 0.01; Bonferroni post-hoc tests: WT vs. AS p < 0.05; AS vs. AS 
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anticonvulsant, anxiolytic, and motor-related effects of ganaxolone in our seizure-prone AS mouse 

model. Previous studies have demonstrated anticonvulsant and anxiolytic effects of the drug in 

rodent models within 10 to 30 minutes after injection (Heulens et al., 2012; Kazdoba et al., 2016; 

Reddy and Rogawski, 2000). These latter effects may in part relate to increased tonic inhibition in 

the amygdala (Akwa et al., 1999; Romo-Parra et al., 2015). In the AS mice, 3 day ganaxolone 

treatment improved seizure susceptibility. Although anxiolytic and anti-seizure effects have 

previously been obtained with non-toxic doses of ganaxolone in mice and rats (Gasior et al., 1997; 

Mareš and Stehlíková, 2010), motor impairment occurs at only modestly greater doses 

(Hogenkamp et al., 2014). Therefore, we were concerned that ganaxolone might have untoward 

actions in AS mice, which have impairments in motor function throughout their lives, manifesting 

as gait ataxia, poor motor coordination and learning, and defective hind limb clasping (Egawa et 

al., 2012; Heck et al., 2008; Jiang et al., 1998; Meng et al., 2013; Van Woerden et al., 2007). 

However, these concerns were found to be unwarranted as ganaxolone did not degrade motor 

function in AS mice and, indeed, we were able to document improvements in the rotarod and wire 

hang task.  

 We also sought to determine if continuous, extended ganaxolone delivery for 4 weeks 

would provide maintained seizure protection in the AS mouse. Extended ganaxolone 

administration has been reported for up to 10 days (Reddy and Rogawski, 2000), but to our 

knowledge, chronic dosing for longer periods has not been studied in rodents. To avoid the stress 

and anxiety of multiple daily injections, we administered ganaxolone via osmotic mini-pumps 

implanted subcutaneously, which allow for continuous dosing and a constant plasma 

concentrations. After four weeks of continuous administration, we found that ganaxolone 

treatment resulted in similar anxiolytic, positive motor, and anticonvulsant effects as was obtained 
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with short-term treatment. Thus, in addition to the expected lack of tolerance to the anti-seizure 

efficacy of ganaxolone there was no tolerance to the other therapeutic actions in AS mice. To our 

knowledge, lack of tolerance to such other therapeutic actions of ganaxolone has not previously 

been demonstrated. 

 One of the most surprising effects of ganaxolone is the reversal of motor learning deficits 

in the AS mice, which we observed with both short- and long-term treatment. AS patients have 

fine and gross motor impairments that affect many other essential functions such as feeding, 

movement, and communication (Beckung et al., 2004; Clayton-Smith and Laan, 2003; Lossie et 

al., 2001). Therefore, if the improvement in motor coordination and motor learning obtained in AS 

mice translates to humans, ganaxolone could significantly improve quality-of-life in AS patients. 

Our demonstration of improved motor function in AS mice with ganaxolone is consistent with a 

previous study showing that gaboxadol enhances motor performance and normalizes Purkinje cell 

firing in the AS mice (Egawa et al., 2012). In contrast to ganaxolone, which is an allosteric 

modulator of both synaptic and extrasynaptic GABAA receptors, gaboxadol is an agonist that acts 

directly at the GABA recognition site of GABAA receptors and is highly selective for extrasynaptic 

receptors. There is no evidence that benzodiazepines, which are selective modulators of synaptic 

GABAA receptors, produce motor improvement in AS. Therefore, it seems likely that the improved 

motor performance induced by ganaxolone is predominantly a result of its actions on extrasynaptic 

GABAA receptors. 

 An excitatory/inhibitory imbalance has been established in the AS cortex, along with 

decreased cerebellar tonic inhibition and Ube3a loss in cortical GABAergic neurons (Egawa et al., 

2012; Judson et al., 2016; Wallace et al., 2012). These alterations can lead to circuit 

hyperexcitability and defective sensory integration, detection, and processing, and may be linked 
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to the phenotypic deficits we observe in AS. Previous work has also demonstrated that inhibition 

of hilar GABAergic interneuron activity impairs spatial learning and memory, and learning ability 

relies on increased inhibitory synaptic plasticity and GABA release (Andrews-Zwilling et al., 

2012; Cui et al., 2008). It has also been suggested that the balance of excitatory and inhibitory 

neuronal activity in the hippocampus is critical for synaptic plasticity and normal learning (Cui et 

al., 2008). Therefore, one potential explanation for the action of ganaxolone in AS is that a 

synthetic neurosteroid analog that functions as a GABAA positive allosteric modulator may 

increase the neuronal signal-to-noise ratio, resulting in enhanced information processing and 

potential learning and memory improvement. Interestingly, we found that ganaxolone rescues both 

the spatial working memory and hippocampal synaptic plasticity deficits in AS mice, while 

decreasing LTP in WT treated animals. The contrasting electrophysiological results observed in 

WT mice were not unexpected, given that progesterone, the precursor of allopregnanolone, 

decreases LTP in rat CA1 neurons (Foy et al., 2008), and increased tonic inhibition could alter 

synaptic plasticity. However, the way in which ganaxolone ameliorates learning and memory 

deficits in the AS mouse remains to be determined. 

 Extensive experience in human clinical trials has shown ganaxolone to be well tolerated 

and safe. Moreover, several oral dosage forms (suspension and capsule) are available that allow 

ganaxolone to be administered conveniently to children and adults. Ganaxolone is not currently 

approved for any clinical indication, although human studies in various conditions are ongoing. 

Our present results indicate that ganaxolone might be particularly well suited as a symptomatic 

treatment for AS, with the potential to not only treat the seizures but also to provide long-lasting 

improvement in the diverse neurobehavioral and motor symptoms. Children with AS are at risk of 

early death due to poorly controlled epilepsy (Ruggieri and McShane, 1998), and therefore it is of 
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interest to determine if ganaxolone can protect against seizures in AS as we have shown is the case 

in the mouse model. Consequently, clinical trials are warranted. In addition, our results are 

consistent with other work (Roden et al., 2010), suggesting that positive modulators of 

extrasynaptic GABAA receptors might in general provide unique symptomatic benefits in AS. 

Investigation of other extrasynaptic GABAA receptors’ active agents including gaboxadol will be 

of interest. 
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CHAPTER FOUR: 

 

DISCUSSION3 

 

Future Directions 

 Our work utilizing a ketone ester in the Angelman syndrome mouse model revealed 

significant alterations in hippocampal amino acid metabolism. We reported upregulation of 

GAD65/67 expression and increased [GABA/glutamate], which supports the enhanced 

GABAergic inhibition hypothesis. However, it is unlikely the observed improvements in AS mice 

administered the KE are the result of solely one mechanism. Future work should explore the energy 

production hypothesis, with alterations in mitochondrial biogenesis as a primary focus. 

Mitochondrial dysfunction has been reported in the hippocampal CA1 of AS mice. These 

neurons display small, dense mitochondria compared to controls, with structural cristae 

abnormalities and a partial oxidative phosphorylation defect at complex III in the whole brain (Su 

et al., 2011a). Recent work has also demonstrated enhanced levels of mitochondrial superoxide in 

the AS mouse hippocampus, which was reduced by MitoQ, a mitochondria-targeted antioxidant 

that readily crosses the blood-brain barrier. MitoQ treatment also rescued LTP and fear 

conditioning deficits, suggesting enhanced mitochondrial ROS production may contribute to 

hippocampal pathophysiology in AS mice (Santini et al., 2015). Moreover, improvements in motor 

coordination and anxiety in AS animals have been observed following treatment with idebenone, 

                                                 
3 Portions of this chapter have been previously published in Expert Opinion on Orphan Drugs, 2016, 4(3): 317-325, 

and have been reproduced with permission from Taylor & Francis. See Appendix B. 
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a CoQ10 analogue, which restores electron flow to the mitochondrial respiratory chain and 

increases mitochondrial antioxidant capacity (Llewellyn et al., 2015). 

Ketones preserve hippocampal CA1 synaptic function induced by mitochondrial 

respiration inhibitors (Kim et al., 2010), likely through an antioxidant mechanism or via increased 

ATP production. Moreover, ketone bodies diminish ROS production by increasing NADH 

oxidation in dissociated neocortical neurons and isolated neocortical mitochondria (Maalouf et al., 

2007). This data suggests a ketone ester could demonstrate significant neuroprotective effects via 

alterations in energy metabolism and attenuated oxidative stress. However, it remains to be 

determined if BD-AcAc2 exhibits improvements in the same capacity as the aforementioned 

therapeutics. Mitochondrial ROS production, complex activity, protein levels, and structure should 

be examined prior to and following KE supplementation in AS mice.   

 The neuronal glutamatergic/GABAergic imbalance is frequently described in mouse 

models of autism (Gogolla et al., 2009) and AS (Egawa et al., 2012; Judson et al., 2016; Wallace 

et al., 2012). This underlying circuit defect may account for many of the behavioral phenotypes 

typically reported in autism and autism-related disorders. Interestingly, GABA and glutamate 

signaling abnormalities may also be associated with inflammatory pathways in the autistic brain 

(El-Ansary and Al-Ayadhi, 2014). Neuroinflammation has been hypothesized to play a significant 

role in both autism (Alabdali et al., 2014; Vargas et al., 2005; Wang et al., 2014) and the epileptic 

brain, which suggests it likely plays a prominent role in AS as well. The ketogenic diet decreases 

peripheral inflammation in both juvenile and adult rats (Ruskin et al., 2009), and also mitigates 

MPTP-induced neurotoxicity and microglial activation (Yang and Cheng, 2010). Moreover, BHB 

demonstrates anti-inflammatory properties due to NLRP3 inflammasome inhibition (Youm et al., 

2015) and suppression of ER stress indicators (Bae et al., 2016). Preliminary data following KE 
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administration in AS mice provides similar results, manifested as a significant increase in latency 

to hind paw response on the hot plate task in AS KE mice (data not shown). This indicates KE 

administration and its effects on peripheral inflammation should be further explored in AS and 

other rodent models. Chronic KE supplementation alters the serum inflammatory profile, and 

decreases pro-inflammatory cytokines such IL-1β, IL-6, IFN-γ, MCP-1, and RANTES. VEGF, an 

anti-inflammatory cytokine, is  significantly increased following chronic KE administration  

(Weeber et al., 2016). Additionally, the neurosteroid allopregnanolone has also demonstrated anti-

inflammatory properties, attenuating production of pro-inflammatory cytokines following brain 

trauma (He et al., 2004) and in multiple sclerosis (Noorbakhsh et al., 2011). More specifically, 

ganaxolone, the synthetic analog of allopregnanolone, alters GABA transport via downregulation 

of GAT-2, which also has downstream transcriptional involvement with neuroinflammatory genes 

(Paul et al., 2014). 

While it is likely neuroinflammation plays a significant role in AS, at least in regard to the 

epilepsy phenotype, published work has yet to thoroughly evaluate this mechanism. However, one 

publication did report a significant downregulation of melanocortin receptor 1 (Mc1r) at the 

transcriptional and protein level in the AS mouse brain. Mc1r prevents brain inflammation and 

provides a neuroprotective effect via a reduced production and inhibition of many pro-

inflammatory agents. It remains to be determined if AS mice or humans have a significantly altered 

inflammatory profile, and if KE supplementation or ganaxolone administration could have a 

positive effect. 
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Concluding Remarks 

Generally, with the implementation of several disparate lines of research focused on 

potential therapeutic targets for AS, specific correlations of the reported data in the context of four 

major phenotypes (motor learning and coordination, seizure, learning and memory, and synaptic 

plasticity) can be made. For example, rescue of the hippocampal synaptic plasticity phenotype is 

typically associated with the rescue of the learning and memory phenotype. One possible 

explanation for this may be seen in the parameters of the synaptic plasticity defect in the AS mouse. 

The AS mouse hippocampal LTP defect is overcome with multiple trains of high-frequency 

stimulation (Weeber et al., 2003), suggesting an increased threshold to synaptic plasticity exists, 

at least in the synapses of area CA1 of the hippocampus. Thus, application of modulators or 

activators of synaptic plasticity, such as GABAA receptor modulators, successfully lower this 

threshold allowing a more normalized synaptic function and subsequent capacity for plasticity. 

This, in turn, results in the rescue of the learning and memory phenotype. Furthermore, the 

hippocampus and surrounding entorhinal cortex may underlie the learning and memory defect as 

demonstrated by the AAV-Ube3a studies showing expression in these specific areas, improvement 

in early-phase LTP, and an associated recovery of the hidden-platform water maze and fear 

conditioning defects (Daily et al., 2011).  

Seizure activity in the animal model for AS is considerably under-researched, especially in 

light of prominent epileptiform activity and often difficult to control seizures seen in the AS patient 

population (Laan et al., 1997; Pelc et al., 2008; Thibert et al., 2009). There may be multiple reasons 

for this trend; however, the most likely issue is that the C57BL/6 mouse strain and F1 hybrid 

generation (C57BL/6–129/SvEv) are most often used when behavioral assessment is involved. 

This is for the simple rationale that the C57BL/6 strain is easier to train in the hidden platform 
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water maze and has become the strain of choice for assessing cognitive disruption in other murine 

models (Crawley, 2008; Crusio, 2013). It should be noted that for this study, we did not record 

significant deficits in the performance of AS mice in the hidden platform water maze task (data 

not shown). Furthermore, the established literature on mouse behavior dictates that the C57BL/6 

strain be used for comparisons to other studies. It has been shown that differences in these two 

backgrounds can play a significant role in the behavior of the AS model (Huang et al., 2013). In 

the context of epilepsy research, the audiogenic seizure phenotype is greatly reduced in the F1 

generation AS mouse model and is non-existent in the C57BL/6 pure background. The C57BL/6 

background is also known to be seizure resistant to kainate compared to other pure background 

strains (McLin and Steward, 2006; Schauwecker, 2000). Thus, it was imperative in this study to 

measure seizure activity following treatment of the ketone ester or ganaxolone, but careful 

evaluation was necessary in both strains due to potentially conflicting results. However, this work 

demonstrated successful therapeutic use and similar results in both strains were observed in 

audiogenic (129/SvEv mice) and chemically-induced (129/SvEv and C57BL/6) seizure testing. 

Finally, like the seizure phenotype, the motor coordination defect appears to be another 

phenotype that is not rescued as often. This is not due to strain differences; however, similar to 

seizure in the AS mouse model, the molecular mechanisms and specific CNS regions underlying 

the balance and motor coordination phenotype is unclear. A recent report by Elgersma and 

colleagues using the cerebellar-specific vestibulo-ocular reflex (VOR) paradigm shows near-

normal function of the cerebellum (Bruinsma et al., 2015). This observation is in contrast to reports 

on abnormal mTOR signaling in the cerebellum of the AS mouse model (Sun et al., 2015) and 

atypical Purkinje cell firing rate and rhythmicity in AS mice (Chéron et al., 2005). There may be 

multiple sites of dysfunction or the defect in synaptic function extends beyond the hippocampus 
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to cortical-cerebellum communication. This possibility has been previously proposed (Cheron et 

al., 2014) and is consistent with the predictive model of global synaptic alteration.  

The exon 2 Ube3a null mutation Angelman syndrome mouse model has been at the center 

of AS research for well over a decade. Despite the strain-dependent influences on the phenotype, 

the consistency of a single model has allowed inter-laboratory comparisons of multiple areas of 

research. However, the increasing number of genetic, biochemical and pharmacological methods 

to rescue the major AS mouse model phenotypes suggests that additional models using more 

complex mammalian systems such as a rat, pig, or nonhuman primate models may be necessary 

for a refinement of existing and future potential translational therapeutics.                                                                                                                                    
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