
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

Lovastatin suppresses hyperexcitability and seizure in Angelman syndrome
model

Leeyup Chunga,1, Alexandra L. Beyb, Aaron J. Towersc, Xinyu Caoa, Il Hwan Kimd,
Yong-hui Jianga,b,c,⁎

a Department of Pediatrics, Duke University School of Medicine, Durham, NC 27710, United States
b Department of Neurobiology, Duke University School of Medicine, Durham, NC 27710, United States
c University Program in Genetics and Genomics, Duke University School of Medicine, Durham, NC 27710, United States
d Department of Cell Biology, Duke University School of Medicine, Durham, NC 27710, United States

A R T I C L E I N F O

Keywords:
Angelman syndrome
Ube3a
Seizure
Lovastatin
Long burst

A B S T R A C T

Epilepsy is prevalent and often medically intractable in Angelman syndrome (AS). AS mouse model (Ube3am−/

p+) shows reduced excitatory neurotransmission but lower seizure threshold. The neural mechanism linking the
synaptic dysfunction to the seizure remains elusive. We show that the local circuits of Ube3am−/p+ in vitro are
hyperexcitable and display a unique epileptiform activity, a phenomenon that is reminiscent of the finding in
fragile X syndrome (FXS) mouse model. Similar to the FXS model, lovastatin suppressed the epileptiform activity
and audiogenic seizures in Ube3am−/p+. The in vitro model of Ube3am−/p+ is valuable for dissection of neural
mechanism and epilepsy drug screening in vivo.

1. Introduction

Angelman syndrome (AS) is a neurodevelopmental disorder caused
by maternal deficiency of the E6-AP ubiquitin ligase (UBE3A) asso-
ciated with a deletion of chromosome 15q11–q13 region, paternal
uniparental disomy, point mutation in UBE3A or an imprinting defect
(Buiting et al. 2016; Jiang et al. 1999). Clinically, epilepsy or seizure
disorder is one of the most common (80 to 95%) and devastating fea-
tures in AS, which starts before 3 years of age in most cases (Fiumara
et al. 2010; Thibert et al. 2013). The seizure phenotype is reported to be
more prominent in AS patients with a maternal deletion of chromo-
somal 15q11-q13 region, presumably due to the haploinsufficiency of a
cluster of GABA receptors including GABRB3 in the distal end (Dan
2009; DeLorey et al. 1998; Egawa et al. 2008). The electro-
encephalogram (EEG) in AS patients has a characteristic pattern of
large-amplitude slow-spike waves at 1–2 or 4–6 Hz (Sidorov et al. 2017;
Vendrame et al. 2012). A significant fraction of clinical seizures is
medically intractable and the quality of life is significantly compro-
mised in these individuals (Tan and Bird 2016).

The epilepsy in AS is mostly generalized but partial epilepsy has also
been frequently observed. The specific clinical seizures may vary from

atypical absence, myoclonic, generalized tonic-clonic, tonic and atonic
seizures (Dan 2009; Tan and Bird 2016). The genotype and phenotype
correlation for seizure presentation has been described. Chromosomal
deletion results in more severe seizure than other causes including
uniparental disomy, point mutation in UBE3A gene, and an imprinting
defect (Thibert et al. 2013). Current treatment is symptomatic with one
or multiple drugs at a time. Valporic acid and clonazepam are most
commonly prescribed but others such as levetiracetam, lamotrigine and
clobazam have also been used frequently (Shaaya et al. 2016; Thibert
et al. 2009). The molecular target therapy of reactivating UBE3A from
the paternal chromosome has been investigated in animal model but
remains to be seen if this is feasible in human (Buiting et al. 2016;
Huang et al. 2012; Meng et al. 2015).

Despite the substantial progress in understanding the molecular
basis and synaptic mechanism of AS, the mechanism underlying seizure
caused by the UBE3A deficiency remains poorly understood. The AS
mouse model (Ube3am−/p+) recapitulates the major clinical features of
AS including abnormal EEG in hippocampus and neocortex (Jiang et al.
1998; Mandel-Brehm et al. 2015; Miura et al. 2002). Increased sus-
ceptibility of audiogenic seizures has been reported in AS model and
they are mouse strain and age dependent (Jiang et al. 1998; Jiang et al.,
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2010; Mandel-Brehm et al. 2015). The spontaneous seizure is also ob-
served in AS model with a maternal deletion from Ube3a to Gabrb3 but
at a low frequency (Jiang et al., 2010). The excitatory neurotransmis-
sion was decreased in neocortex and hippocampal CA1 region (Greer
et al. 2010; Kaphzan et al. 2011; Wallace et al. 2012; Yashiro et al.
2009). The increased SK2 potassium channel levels for after-hyperpo-
larization in Ube3am−/p+ might suggest a decrease of excitability as
well (Sun et al. 2015). Interestingly, GABAergic neuron specific loss of
Ube3a results in abnormal EEG and enhanced seizure susceptibility
(Judson et al. 2016; Santini and Klann 2016).

While these findings provide a plausible mechanistic link between
the deficiency of Ube3a and hyperexcitability, a significant gap is pre-
sent to translate this knowledge to the development of novel molecular
targets for treatment of seizure. Because of the spontaneous nature of
seizure activity in vivo, a unique local circuit phenomenon that re-
capitulates the hyperexcitability would be valuable for anti-seizure
drug screening and understanding the epileptogenesis in AS. In this
study, we attempted to delineate a hyperexcitable local circuit activity
in the hippocampus of Ube3am−/p+ in vitro, a brain region that has
been studied extensively for synaptic function and where abnormal EEG
was also observed analogous to those in cortex (Greer et al. 2010; Miura
et al. 2002). While the brainstem has been frequently implicated in the
initiation of audiogenic seizure in rodent model, the involvement hip-
pocampus has also been reported (Reid et al. 1983). We expect that the
knowledge learned from the hippocampus of Ube3am−/p+ will be ap-
plicable to other brain regions (McNamara et al. 2006). In this study,
we demonstrate the value of this platform for the development of anti-
epileptic drugs for AS.

2. Materials and methods

2.1. Animals

All experiments were conducted according to the protocols ap-
proved by the Institutional Animal Care and Use Committee at Duke
University. Animals were housed on a 12 h light/dark cycle. Mice of
Ube3am+/p+ and Ube3am−/p+ were produced from breedings between
Ube3am+/p- females and wild-type C57BL/6 males. Littermates were
used as controls for all experiments. Primers used for genotyping are as
following: P1/genomic forward, 5′-CTTCTCAAGGTAAGCTGAGCTTGC-
3′, P2/reverse, 5′-GCTCAAGGTTGTATGCCTTGGTGCT-3′ and P3/HPRT
forward, 5′-TGCATCGCATTGTGTGAGTAGGTGTC-3′. PCR cycle condi-
tions were 95 °C for 30 s, 56 °C for 60 s and 70 °C for 45 s for 35 cycles.

2.2. Brain slice preparation

Transverse hippocampal slices (400 μm) were prepared from post-
natal day (P)17-P27 mice for excitability experiments or from P20 to
P35 mice for LTD (long-term depression) experiments. For LTD ex-
periments, CA3 was removed. Ice cold slicing solution contained in mM:
75 sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 7
MgCl2, 0.5 CaCl2. Slices were recovered at room temperature (Fig. 1) or
at 30 °C (Figs. 2 and 3) for at least 2 h in artificial cerebrospinal fluid
(ACSF). ACSF contained in mM: 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 10 glucose, 1 MgCl2, and 2 CaCl2.

2.3. Field potential recording

Hippocampal slices were placed in the submersion chamber main-
tained at 30 °C. After acclimation period (> 30 min), glass recording
electrodes (1–3 MΩ) filled with ACSF, were placed in CA1 or CA3
pyramidal layer. For trains of stimulation experiment, stimulating
electrode was placed at the border between CA1 and CA3. Vehicle or
drugs were bath applied. The input-output relationship was obtained by
5, 10, 15, 20, 25, 30, 40, 50, 60, 100 μA stimulation (200 μsec, DS301
or Isoflex). Paired-pulse ratios were obtained from the ratio of the

second field excitatory postsynaptic potential (fEPSP) slope to the first,
for a range of inter-stimulus intervals (25–2000 ms). For LTD, (RS)-3,5-
dihydroxyphenylglycine (DHPG) (100 μM, 10 min) was applied after
stable baseline for 20 min (< 5% drift). The slope at 55–60 min was
compared to the pre-conditioning baseline response (last 5 min of
baseline).

The criteria for the “long burst” in this study was set at burst
duration of longer than 2 s. This is based on the previous studies where
“short discharges” (interictal-like activity) is hardly longer than 1.5 s
and “prolonged synchronized discharges” in stable condition (30 to
60 min after DHPG) is longer than 2 s (Chuang et al. 2005; Taylor et al.
1995; Zhao et al. 2004). The duration measurement in extracellular
recording in this study is based on extracellular and intracellular re-
cordings in previous “prolonged synchronized discharges” studies
(Taylor et al. 1995; Young et al. 2013). In Fig. 3H and L, the duration of
individual long bursts were averaged for each slices for the mean
duration of 10 min interval. If no long bursts were present within the
interval in a slice, zero was assigned.

2.4. Drug treatment

Lovastatin (sodium salt) were obtained from Millipore. (RS)-3,5-
Dihydroxyphenylglycine (DHPG), 2-Methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP) and (−)-bicuculline methiodide (BMI) and ni-
modipine were acquired from Tocris Bioscience. Other chemicals were
from Sigma. All drugs were bath applied. Extracellular K+ concentra-
tion was raised by adding 1.0 M KCl stock solution to ACSF.

2.5. Lovastatin treatment and audiogenic seizure

Mice of P15 to P23 were injected i.p. with: (1) 10 mg/kg lovastatin
acid or vehicle (DMSO 100%); (2) 100 mg/kg lovastatin acid or vehicle
(DMSO 100%). Mice were housed in home cage for one hour before
evoking audiogenic seizure. Each mouse was transferred to a plastic test
chamber (17 × 22 × 20 cm) and habituated for 1 min. A loud sound
(about 130 dB) was generated for 2 min from a personal alarm
(Radioshack model 49-1010). The behavior was monitored with digital
video camera recorder (Sony DCR-SR45). The positive for seizure was
scored only when tonic-clonic movement was observed (van Woerden
et al. 2007).

2.6. Statistical analysis

Fisher's exact test (two-tailed) for categorical data, t-test and paired
t-test for independent and repeated two group comparisons and re-
peated one-way ANOVA with Tukey post-hoc test for 3 repeated mea-
surements were used. The level of significance was set at p < 0.05.

3. Results

3.1. Lower threshold for hyperexcitability in Ube3am−/p+ brain slices

Ube3am−/p+ mice displayed a lower threshold for audiogenic sei-
zures (Jiang et al. 1998; Mandel-Brehm et al. 2015; Miura et al. 2002;
van Woerden et al. 2007). This would predict that the neuronal circuit
in Ube3am−/p+ has higher excitability than wild type (Ube3am+/p+) in
in vitro model. Because the abnormal EEG and abnormal synaptic
function has been well characterized in hippocampus of AS model
(Miura et al. 2002), we monitored the neuronal excitability in the CA1
of Ube3am−/p+ bran slices in response to the sequential increase of
extracellular K+ ion concentration (Fig. 1A–B). The experimenter was
blind to the genotypes in the experiments where both wild type and
Ube3am−/p+ were used. At 6 mM of K+, 4 of 7 Ube3am−/p+ brain slices
(one slice per mouse) showed synchronized discharges but none of
Ube3am+/p+ (0 of 6 slices, 6 mice) (Fisher's exact test, p = 0.025). The
number of synchronized discharges within the 20 min observation
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period was higher in Ube3am−/p+ at 7 mM (Ube3am+/p+, 25 ± 14 vs
Ube3am−/p+, 158 ± 48; p= 0.031, two-tailed t-test) (Fig. 1B).

Next we tested whether the neural circuit in Ube3am−/p+ brain
slices was more excitable in response to the synaptic inputs by trains of
electrical stimulation (Isomura et al. 2008; Stasheff et al. 1989). The
stimuli were applied to the Schaffer collaterals with a recording elec-
trode in the CA1 pyramidal layer (Fig. 1C). In ACSF with 3 mM K+, the
stimulus did not evoke synchronized rhythmic discharges. At the end of
15th train, the extracellular K+ was raised to 5 mM. In this condition all
Ube3am−/p+ slices showed synchronized rhythmic discharges while
none of the Ube3am+/p+ slices displayed similar activities (Ube3am−/

p+, 5 of 5 slices, one slice per mouse; Ube3am+/p+, 0 of 5 slices, one
slice per mouse; p = 0.008, Fisher's exact test) (Fig. 1D–F).

3.2. Ube3am−/p+ CA3 displayed long burst activity

In presence of the GABAA receptor antagonist, bicuculline (BMI),
brief synchronized activities were observed in CA3 of both Ube3am+/p+

and Ube3am−/p+ brain slices. However, Ube3am−/p+ slices exhibited
additional long burst activity in 6 of 7 slices (5 mice) while none of
Ube3am+/p+ slices did (7 slices, 5 mice) (p = 0.005, Fisher's exact test;
Fig. 2A–C). As a preliminary test of similarity between the long burst in
our study and those in previous studies mediated by group I metabo-
tropic glutamate receptor, we applied mGluR5 antagonist (Taylor et al.
1995; Zhao et al. 2004). Application of MPEP (50 μM), an mGluR5
antagonist, suppressed the long burst activity completely in duration
(sec) and occurrence (counts/10 min) (Ube3am−/p+, 3 slices, 3 mice;
duration (sec), 6.9 ± 0.4 vs 0.0 ± 0.0, p = 0.003; counts/10 min,
3.2 ± 0.3 vs 0 ± 0, p = 0.008, 2 tailed and paired t-test, before vs
after MPEP; Fig. 2D–E).

Fig. 1. Hyperexcitability in Ube3am−/p+ hippocampal slices.
A, A1. A representative trace of synchronized activity at 6 mM extracellular K+ concentration in a Ube3am+/p+ or Ube3am−/p+ slice. A2. Expanded trace of marked part in A1. B,
Synchronized activity occurrence ratio (left) and the number of individual activities (right). C–F, The traces of synchronized rhythmic discharges (seizure-like activity) in an Ube3am−/p+

slice upon electrical stimulation. (C) The electrical stimulation protocol to Schaffer collaterals in hippocampus (one train = 50 stimulations at 100 Hz, train interval = 7 min). After the
15th train (D) extracellular K+ concentration was raised from 3 to 5 mM. (E) Synchronized rhythmic discharges after the 16th train. (F) An example of spontaneous burst activity.
⁎p < 0.05.

L. Chung et al. Neurobiology of Disease 110 (2018) 12–19

14



3.3. Hippocampal group I mGluR dependent long-term depression (LTD) is
reduced in Ube3am−/p+ mice

A similar type of long burst activity in hippocampal slice has been
reported in fragile X syndrome (FXS) mouse model (Chuang et al. 2005;

Young et al. 2013). We then tested if the similarity of long burst activity
between Ube3am−/p+ and FXS model extended to synaptic plasticity of
LTD that is enhanced in CA1 synapses in FXS model (Huber et al.,
2002). The basal synaptic transmissions were similar between
Ube3am−/p+ and Ube3am+/p+ mice (Fig. 2F). Contrary to our

Fig. 2. Spontaneous long bursts in response to BMI treatment and reduced DHPG-LTD in hippocampus of Ube3am−/p+ mice.
A, A representative trace of long burst activity from a Ube3am−/p+ slice in 5 mM K+ and BMI (50 μM). The duration (B) and frequency (C) of long bursts per 10 min from each Ube3am−/

p+ slices (n = 6; different symbols for each slices). D–E, MPEP (50 μM) blocked long bursts in duration (D) and frequency (E) (n = 3; different symbols for each slices). F, The input-
output relationship (left) and paired pulse facilitation (right) were similar between Ube3am+/p+ and Ube3am−/p+. G, The DHPG induced LTD was reduced in Ube3am−/p+. DHPG
(100 μM, 10 min). ⁎p < 0.05.
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expectation, group I mGluR dependent LTD was decreased in Ube3am−/

p+ (Ube3am+/p+, 68 ± 2%, n = 12; Ube3am−/p+, 81 ± 2%, n = 10,
p < 0.001, 2-tailed t-test) (Fig. 2G). These results indicate that AS and
FXS mouse models may share the mechanism for hyperexcitability but
not for the synaptic plasticity. In the FXS model, the excessive protein
synthesis in synapses is the major mechanism underlying the enhanced

LTD while mechanism for impaired LTD in AS model is not immediately
clear.

3.4. Lovastatin suppressed long bursts in brain slices of Ube3am−/p+ mice

Lovastatin (Statin), a common drug used for lowering cholesterol,

Fig. 3. Lovastatin inhibited long bursts in hippocampal slices of Ube3am−/p+.
A–B, Pre-treatment (60 min) of vehicle (DMSO) or lovastatin (50 μM) before BMI. C–D, Summary of long burst duration in vehicle treatment group (C, Ube3am−/p+) and in lovastatin
treatment group (D, Ube3am−/p+). E–G. A representative trace of long burst activity from a Ube3am−/p+ hippocampus slice in response to the treatment of BMI (E), lovastatin (F) and
lovastatin washout (G). H–I. The duration (H) and frequency (I) of long bursts per 10 min from each Ube3am−/p+ hippocampus slices during the treatment of BMI, lovastatin and
lovastatin washout (n = 5; different symbols for each slices). J–K. Long bursts in BMI right before nimodipine (J) and absence of long bursts after nimodipine (10 μM) in an Ube3am−/p+

slice. L–M. The duration (L) and frequency (M) of long bursts per 10 min from each slices (n = 7; different symbols for each slices).
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has been shown to suppress the generation of long bursts via the in-
hibition of excessive protein synthesis in hippocampus of FXS mouse
model (Osterweil et al. 2013). We then tested if lovastatin pre-treat-
ment can prevent the generation of long bursts in Ube3am−/p+ mice as
well. With vehicle pre-treatment, BMI evoked long bursts in 9 of 10
slices in Ube3am−/p+ within the 60 min recording time (n = 199
bursts, 6 mice; Fig. 3A–B). However, with lovastatin pre-treatment, the
long burst activity did not occur at all in 7 of 10 Ube3am−/p+ slices (6
mice; p= 0.020, Fisher's exact test, vehicle vs lovastatin; Fig. 3C). In
the remaining 3 slices with occurrence of long bursts (n = 32 bursts),
the latency to the first long burst was significantly delayed (vehicle,
394.74 ± 38.44 s, n = 9 slices; lovastatin, 1566.65 ± 605.10 s,
n = 3 slices; p= 0.004, 2-tailed t-test; Fig. 3D). However, the duration
of long bursts was not different from that of vehicle condition (vehicle,
9.98 ± 0.55 s, n = 199 bursts, 9 slices vs lovastatin, 8.84 ± 0.94 s,
n = 32 bursts, 3 slices; p= 0.423, 2-tailed t-test).

In FXS model, the suppression of long bursts by lovastatin is pro-
posed to be mediated by the inhibition of excessive protein synthesis at
synapses. The observed effect of lovastatin in AS model prompted us to
assess whether the similar mechanism may operate in AS model.
Previous studies have shown that once long bursts were induced by the
group I mGluR agonist (DHPG), they could not be inhibited by protein
synthesis inhibitors or lovastatin (Merlin et al. 1998; Osterweil et al.
2013). This observation supports that protein synthesis is required for
the generation of long burst, but not for the maintenance afterwards.
Interestingly, in AS model, when lovastatin was applied after the oc-
currence of long bursts in Ube3am−/p+ slices, lovastatin could still ef-
fectively suppress long bursts (Fig. 3E). The long burst returned during
the washout period of lovastatin (10 min before lovastatin:
23.354 ± 3.606 s, 50 to 60 min after lovastatin: 3.141 ± 1.316 s, 50
to 60 min washout of lovastatin: 19.942 ± 3.641 s; before vs after,
p < 0.001; after vs washout, p= 0.001; repeated one-way ANOVA,
Tukey post-hoc test, n = 5 slices from 3 mice; Fig. 3H). The frequency
of long burst followed similar pattern as duration but the difference was
at borderline (10 min before lovastatin: 3.0 ± 0.3, 50 to 60 min after
lovastatin: 0.8 ± 0.4, 50 to 60 min washout of lovastatin: 2.8 ± 0.8;
before vs after, p= 0.050; after vs washout, p= 0.073; repeated one-
way ANOVA, Tukey post-hoc test, n = 5 slices from 3 mice; Fig. 3I).
This result suggest that a different mechanism other than protein
synthesis inhibition may be responsible for the lovastatin effect in the

AS model.
The anticonvulsant effect of lovastatin and its analogs has been

investigated in many different seizure models in rodent and a few ob-
servational studies in human (Banach et al. 2014; Russo et al. 2013).
While the efficacy has been demonstrated in some of these models, the
mechanism is unknown. In survey of the data in literature to under-
stand the effect of lovastatin in AS model, we noted a report that lo-
vastatin may act as an L-type calcium channel blocker (Bergdahl et al.
2003). The involvement of L-type calcium channel in epilepsy and the
anticonvulsant effect of the antagonist have been reported (Nicita et al.
2016; Rajakulendran and Hanna 2016). To test if antagonizing L-type
calcium channels can suppress the long burst, we chose nimodipine,
which is in clinical use for hypertension and in human epilepsy by the
case report (Nicita et al. 2016; Zamponi et al. 2015). In Ube3am−/p+

slices, nimodpine (10 μM) suppressed the pre-existing long busts after
BMI (mean duration, 10 min before nimodipine: 18.884 ± 3.724 s vs
50 to 60 min after nimodipine: 0.813 ± 0.813 s, p = 0.002; mean
frequency, 10 min before nimodipine: 2.6 ± 0.4 vs 50 to 60 min after
nimodipine: 0.1 ± 0.1, p < 0.001; paired t-test, n = 7 slice, 5 mice;
Fig. 3J–M).

3.5. Lovastatin suppressed audiogenic seizures in Ube3am−/p+ mice

We tested if lovastatin can prevent seizure generation in Ube3am−/

p+ mice as in the FXS mouse model (Osterweil et al. 2013). At single
dose of 10 mg/kg by intraperitoneal (i.p.) injection, the rate of seizure
induction in Ube3am−/p+ was comparable between lovastatin treated
(3 of 12) and vehicle treated group (5 of 12, p = 0.667, Fisher's exact
test) (Fig. 4A). Ube3am+/p+ mice did not show seizure in either vehicle
(0 of 7) nor in lovastatin (0 of 8). At single dose of 100 mg/kg, the rate
of seizure induction was reduced in lovastatin treated Ube3am−/p+

mice (1 of 18) compared with in vehicle (8 of 18; p = 0.018, Fisher's
exact test) (Fig. 4B). Ube3am+/p+ did not show seizures in vehicle (0 of
15) nor in lovastatin (0 of 15).

4. Discussion

We successfully established an in vitro cellular model that re-
capitulates the hyperexcitability in vivo in an AS Ube3am−/p+ mouse
model. Ube3a maternal deficient local circuitry is hyperexcitable in

Fig. 3. (continued)
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hippocampal slice preparation in response to the increase in the ex-
tracellular K+ as well as to strong synaptic input evoked by the elec-
trical stimulation protocol. The hyperexcitability in hippocampal slices
is consistent with the abnormal EEG reported in AS Ube3am−/p+ mouse
model in vivo (Miura et al. 2002). Thus, the brain slice preparation is
valuable to dissect the mechanism underlying the seizure susceptibility;
more importantly, it provides a unique and valuable platform for the
test of anti-epilepsy drugs in AS.

We unexpectedly uncovered the similarity for the local circuit ac-
tivities between AS and FXS mouse models. The long burst activity
induced by BMI in CA3 of Ube3am−/p+ mice was very similar to that
observed in FXS mouse model (Chuang et al. 2005). Because epilepsy
and seizures are also frequent features in the FXS (Contractor et al.
2015; Heard et al. 2014; Musumeci et al. 1999; Thomson et al. 2017),
our observations suggest a shared mechanism underlying the suscept-
ibility to seizures in both models. The same response to the lovastatin
treatment in both models supports this conclusion. However, we found
the synaptic plasticity measured by DHPG-LTD in Ube3am−/p+ is al-
tered in opposite direction to that of FXS mouse model (Huber et al.,
2002). This may argue that the signaling pathway for DHPG-LTD may
not be implicated in the hyperexcitability of both models. Consistent
with this, it has been shown that the genetic manipulation of Homer1a
in FXS model could correct the hyperexcitability but not the DHPG-LTD
(Ronesi et al. 2012).

In the FXS model, the inhibition of excessive protein synthesis is
shown to be responsible for the effect of lovastatin treatment (Osterweil
et al. 2013). This is consistent with observation that the long burst or
epileptiform activity is dependent on increased group I mGluR pathway
in the FXS model (Hays et al. 2011; Osterweil et al. 2013; Zhao et al.
2015). Once induced by DHPG, the prolonged bursts could not be in-
hibited by protein synthesis inhibitor or lovastatin (Merlin et al. 1998;
Merlin and Wong 1997; Osterweil et al. 2013). In contrast, lovastatin
was able to suppress the existing long bursts in AS Ube3am−/p+ mice.
These observations do not provide immediate support that the excessive
protein synthesis is responsible for the effect of lovastatin treatment in
AS model.

Biochemically, UBE3A is known to be an ubiquitin E3 ligase that
involves the proteasome mediated protein degradation (Scheffner et al.
1993). The increase of synaptic proteins resulting from the deficiency of
UBE3A has been reported in AS model (Sell and Margolis 2015).
Therefore, it can be hypothesized that lovastatin may modulate the
upregulated protein functions in AS model by a mechanism other than
protein synthesis inhibition. Suppression of long burst by nimodipine in
AS model suggest that lovastatin may have additional role as an L-type
calcium channel modulator. The L-type calcium channel has been im-
plicated in epilepsy and seizure disorders (Stiglbauer et al. 2017;
Zamponi et al. 2015). Further study to examines whether the L-type

calcium channels is dysregulated molecularly in AS model is warranted.
The study of other alternative mechanism may also be pursued to

understand the shared mechanism of hyperexcitability between AS and
FXS models. A direct interaction between FMRP and UBE3A has been
suggested as Ube3a is one of the mRNA targets of FMRP (Ascano et al.
2012). The involvement of Arc protein has also been implicated in both
AS and FXS model. Increased Arc protein level is found in the hippo-
campus of AS model (Greer et al. 2010; Kuhnle et al. 2013) while the
reduction of Arc protein by genetic manipulation in AS model lowered
the seizure-like activity (Mandel-Brehm et al. 2015). In the FXS model,
the deficiency of FMRP also results in the increased Arc level in den-
dritic spines due to the lack of FMRP-mediated inhibition of protein
translation (Niere et al. 2012; Park et al. 2008). However, it is unclear
whether the increased in Arc is responsible for seizure phenotype in FXS
model. Further investigation is warranted to understand whether the
increase of Arc may contribute to the long burst and lovastatin effect in
Ube3am−/p+ mice.

It should be noted that the anticonvulsant effect of lovastatin is not
unique to FXS and AS models. The studies of lovastatin and its analogs
have been reported in several seizure models including audiogenic
models in rodent and several observational studies in human (Banach
et al. 2014; Citraro et al. 2014; Russo et al. 2013; Scicchitano et al.
2015). While the efficacy of seizure suppression varies from study to
study, the anticonvulsant effect has been documented for lovastatin and
other analogs. In many cases, the efficacy is related to the type of sei-
zures presented in the models. The mechanism underlying the seizure
suppression effect in these models has not been investigated. It is
conceivable that multiple independent mechanisms may be responsible.
We believe our report and others from FXS model provide a molecular
framework for more extensive investigation of general anticonvulsant
effect for lovastatin and other analogs.

In summary, the local circuit activities described in this study will
facilitate the study on the molecular and cellular mechanism for epi-
leptogenesis in Ube3am−/p+. For example, manipulations on specific
Ube3a substrates or certain GABAergic interneuron types can change
the quantitative properties of long burst. The understanding on the
mechanism will enhance the merit of using this in vitro model for ad-
ditional anti-epilepsy drug screen. Even before the complete under-
standing of epileptogenesis, the efficacy of lovastatin treatment from in
vitro brain slice and in vivo in Ube3am−/p+ support an immediate
translational value of this discovery as in FXS case (Caku et al. 2014).
Because the reported difference for the seizure presentation between AS
with point mutations in UBE3A and chromosomal deletion of 15q11-
q13 (Buiting et al. 2016; Moncla et al. 1999), the replication and
comparison of these findings from the Ube3am−/p+ in the AS model
with a large deletion is warranted in future study (Jiang et al., 2010).

Fig. 4. Lovastatin treatment inhibited audiogenic seizures in
Ube3am−/p+ mice.
A, Low dose of lovastatin treatment (10 mg/kg) did not have sig-
nificant seizure suppression effect in Ube3am−/p+ mice (Ube3am+/

p+, vehicle, n = 7 mice; Ube3am+/p+, lovastatin n = 8 mice;
Ube3am−/p+, vehicle, n = 12 mice; Ube3am−/p+, lovastatin, n = 12
mice). B, High dose of lovastatin treatment (100 mg/kg) significantly
suppressed the audiogenic seizure in Ube3am−/p+ mice (Ube3am+/

p+, vehicle, n = 15 mice; Ube3am+/p+, lovastatin n = 15 mice;
Ube3am−/p+, vehicle, n = 18 mice; Ube3am−/p+, lovastatin, n = 18
mice). ⁎p < 0.05.
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