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SUMMARY

Loss of maternal UBE3A causes Angelman syn-
drome (AS), a neurodevelopmental disorder associ-
ated with severe epilepsy. We previously implicated
GABAergic deficits onto layer (L) 2/3 pyramidal neu-
rons in the pathogenesis of neocortical hyperexcit-
ability, and perhaps epilepsy, in AS model mice.
Here we investigate consequences of selective
Ube3a loss from either GABAergic or glutamatergic
neurons, focusing on the development of hyperexcit-
ability within L2/3 neocortex and in broader circuit
and behavioral contexts. We find that GABAergic
Ube3a loss causes AS-like increases in neocortical
EEG delta power, enhances seizure susceptibility,
and leads to presynaptic accumulation of clathrin-
coated vesicles (CCVs)—all without decreasing
GABAergic inhibition onto L2/3 pyramidal neurons.
Conversely, glutamatergic Ube3a loss fails to yield
EEG abnormalities, seizures, or associated CCV
phenotypes, despite impairing tonic inhibition onto
L2/3 pyramidal neurons. These results substantiate
GABAergicUbe3a loss as theprincipal causeof circuit
hyperexcitability in AS mice, lending insight into icto-
genic mechanisms in AS.

INTRODUCTION

Angelman syndrome (AS) is a debilitating neurodevelopmental

disorder defined by severe developmental delay, movement dis-
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orders, profound speech impairment, and highly penetrant elec-

troencephalographic (EEG) abnormalities and seizures (Williams

et al., 2006; Thibert et al., 2013). The frequency, severity, and

intractability of the seizures exact a heavy toll on the quality of

life of individuals with AS and their caregivers (Thibert et al.,

2013). Loss of function of the maternal UBE3A allele causes AS

(Kishino et al., 1997; Matsuura et al., 1997; Sutcliffe et al., 1997).

UBE3A encodes anE3ubiquitin ligase,whichcatalyzes the trans-

fer of ubiquitin to substrate proteins, thereby targeting them for

proteasomal degradation or otherwise altering their localization

or function (Rotin and Kumar, 2009; Mabb and Ehlers, 2010;

Mabb et al., 2011). Because mutations that selectively inhibit

UBE3A ligase activity are sufficient to cause AS, improper ubiqui-

tin substrate regulation likely contributes to the pathogenesis

of the disorder (Cooper et al., 2004). Unlike other cells, neurons

express UBE3A exclusively from thematernal allele due to evolu-

tionarily conserved, cell-type-specific epigenetic mechanisms

that silence the paternalUBE3A allele (Rougeulle et al., 1997; Ya-

masaki et al., 2003; Judson et al., 2014). Accordingly, neurons are

especially vulnerable to loss of maternal UBE3A.

Previously, we utilized a maternal Ube3a-null (Ube3am�/p+)

mousemodel of AS (Jiang et al., 1998) to explore the neural basis

of hyperexcitability phenotypes in the disorder. We discovered

that severe reduction of inhibitory GABAergic input to layer (L)

2/3 pyramidal neurons outweighs corresponding losses of excit-

atory glutamatergic input, possibly contributing to neocortical

hyperexcitability. Recovery of inhibitory synaptic transmission

following high-frequency stimulation is severely compromised

and is associated with accumulations of clathrin-coated vesicles

(CCVs) at GABAergic presynaptic terminals onto L2/3 pyramidal

neurons (Wallace et al., 2012). Maternal Ube3a deficiency may

thus disrupt presynaptic vesicle cycling in GABAergic neurons,

possibly through the dysregulation of UBE3A substrates that
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Figure 1. GABAergic Ube3a Loss Does Not

Compromise Synaptic Inhibition onto L2/3

Pyramidal Neurons

(A) Immunostaining of parvalbumin (PV), Cux1,

and UBE3A in V1 of �P80 Control (A1) and

Ube3aFLOX/p+::Gad2-Cre (A2) mice. Arrowheads

indicate PV-positive interneurons, which lack

UBE3A in Ube3aFlox/p+::Gad2-Cremice (scale bar:

145 mm or 75 mm for zoom-ins).

(B) Schematic for recording synaptic inhibition

onto L2/3 pyramidal neurons in V1 of �P80

Ube3aFLOX/p+::Gad2-Cre mice (green shading in-

dicates presence of UBE3A).

(C) Sample recordings (scale bar: 20 pA, 200 ms)

and quantification of mIPSC amplitude and fre-

quency (Control n = 11 cells; Ube3aFLOX/p+::Gad2-

Cre n = 17 cells).

(D) Sample recordings of eIPSCs (D1) at stimula-

tion intensities of 2, 10, 30, and 100 mA (scale bar:

1 nA, 40 ms). (D2) Quantification of eIPSCs. Inset

depicts response amplitudes to 100 mA stimula-

tion (Control n = 22 cells; Ube3aFLOX/p+::Gad2-Cre

n = 24 cells).

(E) Sample recordings (E1) depicting each phase of

an inhibitory synaptic depletion and recovery

experiment (scale bars: baseline = 200 pA, 20 ms;

depletion = 200 pA, 70 ms; recovery = 200 pA,

20 ms). (E2) Average depletion phase showing

eIPSC amplitude normalized to baseline during

800 stimuli at 30 Hz. Each point (80 plotted per

genotype) represents ten consecutive responses

that were collapsed and averaged per cell.

(E3) Average recovery phase showing eIPSC

amplitude normalized to baseline during 90 stimuli at 0.33 Hz. Each point (30 plotted per genotype) represents three consecutive responses that were collapsed

and averaged per cell. Average depletion and recovery responses for each genotype were fit with a monophasic exponential (Control n = 11 cells;

Ube3aFLOX/p+::Gad2-Cre n = 9 cells). Data represent mean ± SEM.
directly or indirectly compromise clathrin-mediated endocytosis.

Conversely, it is possible that loss of maternal Ube3a expression

in glutamatergic neurons compromises the postsynaptic effects

of GABA on L2/3 pyramidal neurons, thereby contributing to

hyperexcitability within the microcircuit and throughout the

brain. In support of this latter possibility, modulation of expres-

sion or activity levels of ARC or the calcium/calmodulin-depen-

dent kinase type II-a subunit (CaMKII-a)—both of which are

preferentially expressed by glutamatergic forebrain neurons—

has been shown to rescue circuit hyperexcitability and seizures

in Ube3am�/p+ mice (van Woerden et al., 2007; Mandel-Brehm

et al., 2015). Thus, an immediate goal is to determine whether

maternal Ube3a loss restricted to either GABAergic or glutama-

tergic neurons is sufficient to impair GABAergic inhibition onto

L2/3 pyramidal neurons, thereby leading to broader circuit-level

and behavioral manifestations of hyperexcitability.

Here we utilize novel conditional Ube3a mouse models to

identify the neurons and neural circuits underlying the pathogen-

esis of circuit hyperexcitability in AS. We focus on selective

Ube3a loss from GABAergic or glutamatergic neurons, which

are largely responsible for orchestrating the balance between

excitation and inhibition in cerebral circuits. Our results provide

compelling evidence that GABAergic, but not glutamatergic,

Ube3a loss is responsible for mediating the EEG abnormalities

and seizures that affect individuals with AS.
RESULTS

GABAergic Ube3a Loss Does Not Impair GABAergic
Neurotransmission onto L2/3 Pyramidal Neurons
To enable genetic dissection of neuron-type-specific contribu-

tions tocircuit hyperexcitability inAS,wegeneratedanovelmouse

with maternal inheritance of a floxed Ube3a allele (Ube3aFLOX/p+)

(Figure S1). We first crossed Ube3aFLOX/p+ mice to a Gad2-Cre

line in which Cre is expressed by almost all inhibitory GABAergic

neurons throughout thebrain (Taniguchi et al., 2011).We immuno-

histochemically confirmed loss of UBE3A expression by

GABAergic interneurons in adult Ube3aFLOX/p+::Gad2-Cre mice,

including parvalbumin-expressing subtypes in primary visual

cortex (V1) (Figure 1A2). The density of these interneuron subtypes

in V1 was normal (Figure S2A), indicating that GABAergic

Ube3a loss does not grossly disrupt GABAergic neuronal

architecture in the neocortex. Moreover, GABAergic Ube3a loss

in Ube3aFLOX/p+::Gad2-Cre mice proved to be selective, as

UBE3A co-staining with the L2–4 glutamatergic neuron marker,

Cux1 (Nieto et al., 2004), was intact (Figures 1A1 and 1A2).

We then sought to determine if GABAergic neuron-specific

loss of maternal Ube3a is sufficient to alter synaptic drive

onto L2/3 pyramidal neurons, testing Ube3aFLOX/p+::Gad2-Cre

mice for the same spectrum of synaptic defects that we

had previously observed in V1 of AS model mice (Ube3am�/p+)
Neuron 90, 56–69, April 6, 2016 ª2016 Elsevier Inc. 57



(Wallace et al., 2012). As expected, we found no difference in

mEPSC amplitude or frequency onto L2/3 pyramidal neurons

in Ube3aFLOX/p+::Gad2-Cre compared to Control mice (Fig-

ure S2B). We also observed normal mIPSC amplitude and fre-

quency in Ube3aFLOX/p+::Gad2-Cre mice (Figure 1C), indicating

that spontaneous GABAergic synaptic transmission remains

intact following GABAergic neuron-specific loss of maternal

Ube3a. This was unexpected, in view of previous evidence that

decreased mIPSC frequency is a core GABAergic synaptic

defect onto L2/3 pyramidal neurons in Ube3am�/p+ mice (Table

1) (Wallace et al., 2012).

We were even more surprised to find that GABAergic Ube3a

loss yields neither of two core deficits in electrically evoked inhi-

bition observed in Ube3am�/p+ mice: decreased evoked inhibi-

tory postsynaptic current (eIPSC) amplitude or blunted recovery

of GABAergic synaptic responses following high-frequency

stimulation (Table 1). By stimulating (150 mm inferior to the re-

corded neuron) at a range of intensities, we revealed that eIPSC

response amplitudes inUbe3aFLOX/p+::Gad2-Cremice are equiv-

alent to Control (Figure 1D), indicating that the strength of

GABAergic inputs onto L2/3 pyramidal neurons develops

normally following GABAergic Ube3a loss. To test the recovery

of GABAergic synaptic transmission following high-frequency

stimulation, we applied a train of 800 stimuli at 30 Hz to

deplete reserves of GABAergic vesicles, followed immediately

by 0.33 Hz stimulation to allow for recovery (Figure 1E1). We re-

corded eIPSC amplitudes from L2/3 pyramidal neurons during

both phases of this experiment, to gauge rates of GABAergic

synaptic depletion and recovery. Depletion of eIPSC amplitude

in Ube3aFLOX/p+::Gad2-Cre mice was equivalent to Control

(Figure 1E2), as was recovery (Figure 1E3). Although eIPSC

paired-pulse ratio in Ube3aFLOX/p+::Gad2-Cre mice was subtly

decreased when stimulating with a 100ms inter-stimulus interval

(ISI), eIPSC paired-pulse with 33ms ISI was normal (Figure S2C).

Thus, short-term plasticity at this synapse is largely intact

following GABAergic Ube3a loss, particularly in response to

the stimulation frequency we used to deplete GABAergic synap-

ses (Figure 1E2).

Importantly, nervous system-wide deletion of Ube3aFLOX/p+

(Ube3aFLOX/p+::Nestin-Cre) produced a loss of Ube3a expres-

sion that was indistinguishable from Ube3a loss in Ube3am�/p+

mice (Figure S3); moreover, Ube3aFLOX/p+::Nestin-Cre mice

closely phenocopied L2/3 GABAergic synaptic defects in

Ube3am�/p+ mice (Table 1; Figure S4). Ube3aFLOX thus appears

to be a viable conditional null allele, supporting the lack of

phenotypic penetrance in Ube3aFLOX/p+::Gad2-Cre mice as

a genuine finding, rather than an artifact of residual Ube3a func-

tion following Gad2-Cre-mediated deletion. Collectively, these

observations indicate that GABAergic Ube3a loss does not

severely impair GABAergic synaptic drive onto L2/3 pyramidal

neurons as results from Ube3a loss in all neurons (Table 1).

Glutamatergic Ube3a Loss Impairs Electrically Evoked
and Tonic GABAergic Inhibition onto L2/3 Pyramidal
Neurons
To model glutamatergic Ube3a loss in a manner truly reciprocal

to GABAergic Ube3a loss in Ube3aFLOX/p+::Gad2-Cre mice, we

crossed conditional Ube3a reinstatement mice (Ube3aSTOP/p+)
58 Neuron 90, 56–69, April 6, 2016 ª2016 Elsevier Inc.
to the same Gad2-Cre line. Ube3aSTOP/p+ mice constitute a con-

ditional AS model in which expression of the maternal Ube3a

allele is interrupted by targeted insertion of a floxed STOP

cassette. Cre-mediated excision of the STOP cassette fully rein-

states neuronal UBE3A expression in Ube3aSTOP/p+ mice (Silva-

Santos et al., 2015). Hence, when we crossed Ube3aSTOP/p+

mice toGad2-Cremice (Ube3aSTOP/p+::Gad2-Cre), we observed

UBE3A reinstatement that was specific to GABAergic inter-

neurons in the neocortex, leaving neighboring Cux1-expressing

glutamatergic neurons devoid of UBE3A expression in L2/3

neocortex (Figure 2A). Thus, Ube3aSTOP/p+::Gad2-Cre mice are

an appropriate model of glutamatergic Ube3a loss.

To evaluate whether glutamatergic Ube3a loss in

Ube3aSTOP/p+::Gad2-Cremice could impair GABAergic synaptic

drive onto L2/3 pyramidal neurons, we first needed to determine

the extent to which Ube3aSTOP/p+ mice recapitulated key

GABAergic synaptic defects. We found that Ube3aSTOP/p+ mice

closely phenocopied Ube3am�/p+ and Ube3aFLOX/p+::Nestin-

Cre mice with respect to reduced eIPSC amplitude (Figure 2C)

and blunted recovery from inhibitory synaptic depletion (Fig-

ure 2D). However, Ube3aSTOP/p+ mice failed to exhibit mIPSC

amplitude or frequency deficits despite our experimentation

with near-physiological as well as increased intracellular chloride

levels (Figures S5B and S5C). It is possible that Ube3aSTOP allele

readthrough provided enough Ube3a expression, albeit very low

(Silva-Santos et al., 2015), to selectively mitigate penetrance of

the mIPSC deficit. Regardless of the underlying reason for this

result, we were limited to evaluating only eIPSC amplitude and

GABAergic synaptic recovery in Ube3aSTOP/p+::Gad2-Cre mice.

Ube3aSTOP/p+::Gad2-Cre mice proved to be statistically indis-

tinguishable from Ube3aSTOP/p+ (but also Control) mice on

measures of eIPSC amplitude (Figure 2C), providing a clue

that glutamatergicUbe3a loss diminishes L2/3 pyramidal neuron

responses to evoked GABAergic neurotransmission. Similar

to Ube3aSTOP/p+ and Control mice, Ube3aSTOP/p+::Gad2-Cre

mice showed no impairment on measures of mEPSCs, eIPSC

paired-pulse ratios, or inhibitory synaptic depletion dynamics

(Figures S5A, S5D, S5E1, and S5E2). In contrast, the blunted

recovery from GABAergic synaptic depletion that we observed

in Ube3aSTOP/p+ mice was completely absent in Ube3aSTOP/p+::

Gad2-Cre mice (Figure 2D). This result demonstrates that gluta-

matergicUbe3a loss, just like GABAergicUbe3a loss (Figure 1E),

fails to impair GABAergic synaptic recovery from high-frequency

stimulation.

Selective manipulations of glutamatergic Ube3a expression

in the neocortex should affect the penetrance of eIPSC ampli-

tude deficits, assuming these deficits are secondary to an

intrinsic loss of UBE3A function within L2/3 pyramidal neurons.

We tested this assumption with several approaches. First, we

crossed Ube3aSTOP/p+ mice to a NEX-Cre line (Ube3aSTOP/p+::

NEX-Cre) in which Ube3a is selectively reinstated in glutama-

tergic neurons of the dorsal pallium, including Cux1-positive

neurons of L2/3 neocortex (Figure 3A3). eIPSC amplitudes in

Ube3aSTOP/p+::NEX-Cre mice were similar to Control (Figures

3B and 3C), supporting that this deficit in Ube3aSTOP/p+ mice is

driven by glutamatergic, not GABAergic, Ube3a loss in L2/3

neocortex, in agreement with our findings from Ube3aFLOX/p+::

Gad2-Cre mice (Figure 1D). To further demonstrate the neuron



Table 1. Summary of Neocortical Inhibitory Synaptic Defects, EEG Abnormalities, and Behavioral Seizure Phenotypes in Ube3a Mice

Mouse Model UBE3A Expression Deficit

GABAergic Synaptic Defects onto L2/3 Pyramidal Neurons

Intracortical EEG Behavioral Seizure PhenotypemIPSC Freq. eIPSC Amp.

Inhibitory

Synaptic Recovery

Inhibitory

Presynaptic CCVs

Ube3am�/p+ deleted in all neurons Y49%a Y43%a Y30%a [214%a electrographic seizures,

polyspike and slow wave

dischargesb

spontaneous: yesb; flurothyl: NA;

AGS: enhanced susceptibilityb,c

Ube3aFLOX/p+::

Nestin-Cre

deleted in all neurons Y25% Y18% Y18% [124% NA NA

Ube3aSTOP/p+ suppressed in all neurons 4 Y20% Y32% [222% enhanced delta power spontaneous: not observed; flurothyl:

NA; AGS: enhanced susceptibilityd

Ube3aFLOX/p+::

Gad2-Cre

deleted in nearly all GABAergic

neurons

4 4 4 [116% enhanced delta power spontaneous: yes, enhanced postnatal

lethality; flurothyl: decreased latency,

enhanced lethality; AGS: enhanced

susceptibility, severe

Ube3aSTOP/p+::

Gad2-Cre

suppressed in all glutamatergic

neurons and other non-GABAergic

neurons

4 Y10%e 4 4 normal spectral power spontaneous: not observed; flurothyl:

NA; AGS: not susceptible

Ube3aFLOX/p+::

NEX-Cre

deleted in glutamatergic neurons

of dorsal pallial origin

4 Y25% 4 NA NA spontaneous: not observed; flurothyl:

normal susceptibility; AGS: NA

4, equivalent to Control; [, increased relative to Control; Y, decreased relative to Control; NA, Not Assayed; AGS, audiogenic seizure.
aWallace et al. (2012).
bJiang et al. (1998).
cvan Woerden et al. (2007).
dSilva-Santos et al. (2015).
eDid not reach statistical significance.
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Figure 2. GABAergic Ube3a Reinstatement

in Ube3aSTOP/p+::Gad2-Cre Mice Models

Glutamatergic Ube3a Loss and Indicates

an Evoked IPSC Amplitude Deficit onto

L2/3 Pyramidal Neurons

(A) Immunostaining of parvalbumin (PV), Cux1, and

UBE3A in V1 of �P80 Control (A1); Ube3a
STOP/p+

(A2); and Ube3aSTOP/p+::Gad2-Cre (A3) mice. Ar-

rowheads indicate PV-positive interneurons that

co-stain for UBE3A. Arrows point to PV-negative

interneurons that co-stain for UBE3A (scale bar:

145 mm or 75 mm for zoom-ins).

(B) Schematic for recording synaptic inhibition

onto L2/3 pyramidal neurons in V1 of �P80

Ube3aSTOP/p+::Gad2-Cre mice.

(C) Sample recordings of eIPSCs (C1) at stimula-

tion intensities of 2, 10, 30, and 100 mA (scale bar:

1 nA, 60 ms). (C2) Quantification of eIPSCs. Inset

depicts response amplitudes to 100 mA stimulation

(Control n = 38 cells; Ube3aSTOP/p+ n = 44 cells;

Ube3aSTOP/p+::Gad2-Cre n = 40 cells).

(D) Inhibitory synaptic depletion and recovery in

Control (n = 9 cells), Ube3aSTOP/p+ (n = 11 cells),

and Ube3aSTOP/p+::Gad2-Cre (n = 13 cells)

mice, performed as in Figure 1E. Scale bars (D1):

baseline = 200 pA, 20 ms; depletion = 200 pA,

70 ms; recovery = 200 pA, 20 ms. Data represent

mean ± SEM. *p % 0.05.
type specificity of this phenotype, we probed Ube3aFLOX/p+::

NEX-Cre mice (Figure 3A4), observing that neocortical glutama-

tergic Ube3a deletion was sufficient to yield the eIPSC deficit

(Figures 3D and 3E). Finally, to test the cell autonomy of

the effect, we intracerebroventricularly delivered low titers of

Cre-expressing adeno-associated virus (AAV-Cre) to neonatal

Ube3aFLOX/p+ and Ube3am+/p+ control littermates (Figure S6A1).

This produced a sparse mosaic of virally transduced neocortical

neurons, including pyramidal neurons, which we identified by

expression of a Cre-dependent tdTomato reporter. We observed

a total loss of UBE3A expression in over 80% of tdTomato-pos-

itive neurons in Ube3aFLOX/p+ mice by P12 (Figures S6A3 and

S6A4). Conversely, almost all (>90%) tdTomato-positive neurons

expressed UBE3A in Ube3am+/p+ littermates (Figures S6A2 and

S6A4). We measured eIPSC amplitude in mice prepared in this

manner at�P80, recording from tdTomato-positive L2/3 pyrami-

dal neurons (Ube3aFLOX/p+::AAV-Cre or Ube3am+/p+::AAV-Cre),

as well as neighboring non-transduced L2/3 pyramidal neurons

(Ube3aFLOX/p+ or Ube3am+/p+) in V1 (Figure S6B1). We observed

reduced eIPSC amplitude in response to a range of stimulation

intensities in Ube3aFLOX/p+::AAV-Cre neurons compared to

Ube3am+/p+::AAV-Cre, Ube3aFLOX/p+, or Ube3am+/p+ neurons

(Figure S6B2 and S6B3). We therefore conclude that diminished

eIPSC amplitude onto L2/3 pyramidal neurons in AS mice is due

to cell-autonomous consequences of Ube3a loss.

Intriguingly, deficits in eIPSC amplitude inUbe3aFLOX/p+::NEX-

Cre mice occurred in the absence of changes in either mIPSC

amplitude or frequency (Figure 3F), indicating that synaptic

GABAAR function may be normal following glutamatergic
60 Neuron 90, 56–69, April 6, 2016 ª2016 Elsevier Inc.
Ube3a deletion in the dorsal forebrain. This apparent phenotypic

discrepancy may be explained by deficits in extrasynaptic, delta

subunit-containing GABAARs (d-GABAARs), which might only be

revealed in instances of GABA spillover to extrasynaptic regions

(for example, following strong electrical stimulation) (Wei et al.,

2003). Because d-GABAARs are the principal mediators of

tonic inhibition onto pyramidal neurons in the neocortex (Brickley

and Mody, 2012), we reasoned that glutamatergic Ube3a loss

might selectively impair this mode of GABAergic transmission

by L2/3 pyramidal neurons. To test this, we bath-applied a d-GA-

BAAR-selective concentration of THIP (Gaboxadol) to stimulate

extrasynaptic GABAARs, followed by a saturating concentration

of the competitive GABAAR antagonist, Gabazine (SR95531)

(Figure 3G1). We recorded corresponding changes in holding

current in L2/3 pyramidal neurons, finding that we could stimu-

late significantly less THIP/Gabazine-sensitive tonic current in

Ube3aFLOX/p+::NEX-Cre mice relative to Control (Figure 3G2).

This effect was not an artifact of decreased cell size, as capaci-

tances between the two genotypes were equivalent (Control n =

30 cells, 64.06 ± 3 pF; Ube3aFLOX/p+::NEX-Cre n = 21 cells,

68.33 ± 4.71 pF; p = 0.43). Together, these observations support

that glutamatergic Ube3a loss cell-autonomously impairs tonic

GABAergic tone onto L2/3 pyramidal neurons.

GABAergic, but Not Glutamatergic, Ube3a Loss
Enhances Seizure Susceptibility
Converging lines of evidence implicate deficits in tonic inhibi-

tion in the pathogenesis of epilepsy. In particular, GABRD

missense mutations that reduce d-GABAAR-mediated currents



Figure 3. Glutamatergic Ube3a Loss Selec-

tively Reduces Evoked IPSC Amplitude and

Tonic Inhibitory Tone onto L2/3 Pyramidal

Neurons

(A) Immunostaining of parvalbumin (PV),

Cux1, and UBE3A in V1 of �P80 Control (A1);

Ube3aSTOP/p+ (A2); Ube3aSTOP/p+::NEX-Cre (A3);

and Ube3aFLOX/p+::NEX-Cre (A4) mice. Double

arrows indicate PV-positive interneurons that

lack UBE3A, arrowheads indicate PV-positive in-

terneurons that co-stain for UBE3A but lack Cux1,

and single arrows depict Cux1- and PV-negative

interneurons that co-stain for UBE3A (scale bar:

75 mm for all panels).

(B) Schematic for recording inhibition onto L2/3

pyramidal neurons in V1 of �P80 Ube3aSTOP/p+::

NEX-Cre mice.

(C) Sample recordings of eIPSCs (C1) at stimula-

tion intensities of 2, 10, 30, and 100 mA (scale bar:

800 pA, 20 ms). (C2) Quantification of eIPSCs.

Inset depicts response amplitudes to 100 mA

stimulation (Control n = 14 cells; Ube3aSTOP/p+ n =

15 cells; Ube3aSTOP/p+::NEX-Cre n = 16 cells).

(D) Schematic for recording inhibition onto L2/3

pyramidal neurons in V1 of �P80 Ube3aFLOX/p+::

NEX-Cre mice.

(E) Sample recordings of eIPSCs (E1) at stimulation

intensities of 2, 10, 30, and 100 mA (scale bar: 1 nA,

40ms). (E2) Quantification of eIPSCs. Inset depicts

response amplitudes to 80 mA stimulation (Control

n = 14 cells; Ube3aFLOX/p+::NEX-Cre n = 22 cells).

(F) Sample recordings ([F1], scale bar: 20 pA,

200 ms) and quantification of mIPSC ampli-

tude and frequency (F2) (Control n = 15 cells;

Ube3aFLOX/p+::NEX-Cre n = 11 cells).

(G) Representative trace (G1) from experiments

to measure tonic inhibitory currents onto L2/3

pyramidal neurons (scale bar: 150 pA, 120 s). (G2) Quantification of change in Iholding in response to the application of the d-GABAAR agonist THIP (left) and

the subsequent chase with the competitive GABAAR antagonist, Gabazine (right) (Control n = 30 cells; Ube3aFLOX/p+::NEX-Cre n = 21 cells). Data represent

mean ± SEM. *p % 0.05, **p % 0.01.
are associated with generalized epilepsy in humans (Dibbens

et al., 2004), and Gabrd�/� mice are prone to seizures (Spigel-

man et al., 2002; Maguire et al., 2005). Therefore, we hypothe-

sized that deficits owed to glutamatergic Ube3a loss, including

impaired tonic d-GABAAR-mediated inhibition onto pyramidal

neurons, would correlate with enhanced seizure susceptibility.

Latencies to seizure following an initial exposure to the puta-

tive GABAAR antagonist, flurothyl, provide a reliable index of

seizure threshold in naive mice, and flurothyl seizures are highly

penetrant regardless of genetic background (Krasowski, 2000;

Kadiyala et al., 2014). We therefore used flurothyl to test seizure

susceptibility in congenic C57BL/6Ube3aFLOX/p+::NEX-Cremice

(Figures 4A1 and 4B). Surprisingly, we found that their latency to

myoclonic and generalized seizure was similar to Control (Fig-

ure 4C). This finding indicates that decreased tonic GABAergic

inhibition onto L2/3 pyramidal neurons does not confer vulnera-

bility to seizures. Nor, in all likelihood, does any other physiolog-

ical consequence of glutamatergic Ube3a loss in the dorsal

telencephalon. In contrast, pan-cerebral GABAergic Ube3a

loss on a congenic C57BL/6 background yielded a dramatic

reduction in latency to myoclonus and generalized seizure, and

even enhanced lethality to repeated (once daily) exposures to
flurothyl, as evinced by experiments in Ube3aFLOX/p+::Gad2-

Cre mice (Figures 4A2 and 4D).

Notably, NEX-Cre does not mediate glutamatergic Ube3a

deletion in ventral neuron populations, nor in the majority of den-

tate granule neurons (Figure 4A1) (Goebbels et al., 2006). Dentate

granule neurons in particular receive an abundance of tonic

GABAergic inhibition and are critical for gating temporal lobe

excitability (Coulter and Carlson, 2007; Hsu, 2007; Pun et al.,

2012), which might explain why Ube3aFLOX/p+::NEX-Cre mice

exhibit a normal response to flurothyl (Figure 4C). In contrast,

Ube3aSTOP/p+::Gad2-Cre mice effectively model pan-cerebral

glutamatergic Ube3a loss and thus provide a better model in

which to fully evaluate the potential for glutamatergic Ube3a

loss to enhance seizure susceptibility. As we maintain congenic

129S2/SvPasCrl Ube3aSTOP/p+ mice, we turned to a sensory-

evoked, audiogenic seizure induction paradigm that is suited

to assessing seizure susceptibility on this genetic background

(Figure 5A). Importantly, the audiogenic seizure paradigm has

previously been used to demonstrate enhanced seizure suscep-

tibility in AS mouse models on a 129 background, including

Ube3am�/p+ and Ube3aSTOP/p+ mice (Jiang et al., 1998; van

Woerden et al., 2007; Silva-Santos et al., 2015).
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Figure 4. GABAergic, but Not Glutamatergic, Ube3a Loss Lowers

the Threshold for Flurothyl-Induced Seizures

(A) UBE3A staining in Ube3aFLOX/p+::NEX-Cre (A1) and Ube3aFLOX/p+::Gad2-

Cre (A2) (scale bar: 750 mm; 400 mm for zoom-ins). Ctx, cerebral cortex; Hip,

hippocampus; MGN, medial geniculate thalamic nucleus; SNR, substantia

nigra pars reticulata.

(B) Schematic of flurothyl-induced seizure protocol. Flurothyl administration

ceases upon the occurrence of a generalized seizure.

(C) Latency to myoclonus (C1) and generalized seizure (C2) in Control (n = 12)

and Ube3aFLOX/p+::NEX-Cre (n = 7) mice at �P80.

(D) Latency to myoclonus (D1) and generalized seizure (D2) in Control (n = 13)

and Ube3aFLOX/p+::Gad2-Cre (n = 11) mice at �P80. Comparative survival (D3)

of Control and Ube3aFLOX/p+::Gad2-Cre mice following repeated once daily

exposures to flurothyl. Data represent mean ± SEM. ****p % 0.0001.
We confirmed that 129S2/SvPasCrl Ube3aSTOP/p+ mice are

muchmore susceptible to audiogenic seizures than theirControl

littermates in terms of both frequency and severity (Figure 5B).

Ube3aSTOP/p+::Gad2-Cre littermates, on the other hand, proved

to be refractory to audiogenic seizure induction, similar to Con-
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trol (Figure 5B). In contrast, consistent with our flurothyl-induced

seizure results, we found that 129S2/SvPasCrl Ube3aFLOX/p+::

Gad2-Cre mice exhibit audiogenic seizures much more fre-

quently than Control littermates and with a far greater likelihood

of progressing from wild running to a severe, tonic-clonic

episode (Figure 5C). Surprisingly, post-weaning lethality ap-

proached 15% in Ube3aFLOX/p+::Gad2-Cre mice and was

associated with observations of spontaneous seizures (Fig-

ure 5D), whereas we observed no evidence of postnatal lethality

associated with spontaneous seizures in Ube3aSTOP/p+ mice.

Collectively, these findings provide compelling evidence that

GABAergic, but not glutamatergic, Ube3a loss enhances seizure

susceptibility. Notably, seizures due to GABAergic Ube3a loss

alone are more severe than those observed in AS mice with

loss of Ube3a in both GABAergic and glutamatergic neurons

(Table 1).

GABAergic, but Not Glutamatergic, Ube3a Loss
Mediates AS-like EEG Abnormalities
If GABAergic Ube3a loss drives seizure susceptibility in AS, then

it might also underlie AS-like EEG abnormalities, including rhyth-

mic, high-amplitude activity in the delta and theta bands (Thibert

et al., 2013). To investigate this possibility, we recorded resting-

state local field potentials (LFPs) (analogous to intracortical EEG)

(Buzsáki et al., 2012) in awake head-fixed mice viewing a gray

screen to which they were previously habituated (Figure 6A).

We observed a strong trend toward total spectral power being

increased in Ube3aFLOX/p+::Gad2-Cre mice relative to Control

(1–50 Hz power in mV2: Control = 3,195 ± 485.8; Ube3aFLOX/p+::

Gad2-Cre = 4,292 ± 293.5; p = 0.07), primarily driven by en-

hancements in the delta band (Figure 6B). Increased power in

other bands including theta (5–10 Hz power in mV2: Control =

755 ± 101.2; Ube3aFLOX/p+::Gad2-Cre = 873 ± 46.8; p = 0.3)

and gamma (30–50 Hz power in mV2: Control = 90 ± 9.8; Ube3a-
FLOX/p+::Gad2-Cre = 101 ± 6; p = 0.37) did not reach statistical

significance. Total neocortical power was similarly elevated in

Ube3aSTOP/p+ mice (Figure 6C), again largely through delta,

with marginal power enhancement in other bands. However,

LFP power inUbe3aSTOP/p+::Gad2-Cremice, which model gluta-

matergic Ube3a loss, was normal (Figure 6C); total (1–50 Hz po-

wer in mV2: Control = 3,067 ± 252.7; Ube3aSTOP/p+ = 4,255 ±

529.4; Ube3aSTOP/p+::Gad2-Cre = 2,755 ± 391.5; p = 0.03), theta

(5–10 Hz power in mV2: Control = 733 ± 53.8; Ube3aSTOP/p+ =

879 ± 68.1; Ube3aSTOP/p+::Gad2-Cre = 647 ± 92.5; p = 0.11)

and gamma (30–50 Hz power in mV2: Control = 105 ± 10.7;

Ube3aSTOP/p+ = 127 ± 13.4; Ube3aSTOP/p+::Gad2-Cre = 91 ±

13.3; p = 0.16) power was equivalent between Control and

Ube3aSTOP/p+::Gad2-Cre mice. We therefore conclude that

GABAergic, but not glutamatergic, Ube3a loss yields AS-like en-

hancements in EEG delta power (Table 1).

GABAergic Ube3a Loss Phenocopies Presynaptic CCV
Accumulations in AS Mice
We previously linked deficits in inhibitory synaptic recovery in

Ube3am�/p+ mice to an aberrant accumulation of CCVs at

GABAergic synapses (Wallace et al., 2012). This correlation sug-

gests that maternal Ube3a loss may cause defective vesicle

cycling, which fails to adequately restore presynaptic vesicle



Figure 5. GABAergic, but Not Glutamater-

gic, Ube3a Loss Enhances Audiogenic

Seizure Susceptibility in AS Model Mice

(A) Schematic of audiogenic seizure protocol.

(B) Quantification of audiogenic seizure suscepti-

bility inControl (n = 26),Ube3aSTOP/p+ (n = 13), and

Ube3aSTOP/p+::Gad2-Cre (n = 13) mice at �P80.

(C) Quantification of audiogenic seizure suscepti-

bility (Control n = 15; Ube3aFLOX/p+::Gad2-Cre

n = 13).

(D) Post-weaning (P21–P90) lethality in Control

and Ube3aFLOX/p+::Gad2-Cre mice. Data repre-

sent mean ± SEM. **p % 0.01; ***p % 0.001;

****p % 0.0001.
pools following bouts of high-frequency release (Cremona et al.,

1999; Luthi et al., 2001; Milosevic et al., 2011). However,

GABAergic synaptic depletion is normal in Ube3aFLOX/p+::

Gad2-Cre mice (Figure 1E), leading us to question whether

GABAergic Ube3a loss would lead to aberrant presynaptic

CCVs. First, we verified that pan-cerebral deletion of the

maternal Ube3aFLOX allele results in the CCV phenotype, finding

that CCVs were increased at dendritic and somatic GABAergic

synapses in Ube3aFLOX/p+::Nestin-Cre mice compared to Con-

trol (Figures S7A–S7C). We also found that CCVs accumulate

at glutamatergic synapses in these mice (Figures S7A and

S7D), a departure from what we had previously observed in

Ube3am�/p+ mice, where CCV increases at glutamatergic synap-

ses did not reach statistical significance (Table 1). Next, we

tested the effect of GABAergic Ube3a deletion on the CCV

phenotype, comparing Ube3aFLOX/p+::Gad2-Cremice with litter-

mate Controls. Ube3aFLOX/p+::Gad2-Cre mice did in fact exhibit

excessive CCVs at GABAergic presynaptic terminals that syn-

apsed onto the dendrites (Figure 7A3) and somata (Figure 7A4)

of glutamatergic neurons in L2/3. Furthermore, we observed

excessive CCVs at asymmetric glutamatergic synapses made

onto dendritic spines in L2/3 (Figure 7A5). Other presynaptic

measures including terminal area (Figures S8A1, S8B1, and

S8C1), mitochondrial area (Figures S8A2, S8B2, and S8C2),

and the density of synaptic vesicles (Figures S8A3, S8B3, and

S8C3) were largely normal. Thus, GABAergic Ube3a loss pheno-

copies the presynaptic CCV abnormalities in AS mice, despite

leaving recovery from GABAergic synaptic depletion intact

(Figure 1E).

Excessive CCV accumulation also proved to be a feature

of both GABAergic and glutamatergic L2/3 synapses in

Ube3aSTOP/p+ mice (Figure 7B). To determine if glutamatergic

Ube3a loss would affect presynaptic CCVs, we compared
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Ube3aSTOP/p+::Gad2-Cre mice to both

Ube3aSTOP/p+ and Control littermates.

We found that Ube3aSTOP/p+::Gad2-Cre

and Controlmice were statistically equiv-

alent on measures of CCV density at

GABAergic and glutamatergic L2/3 syn-

apses (Figure 7B), indicating that gluta-

matergic Ube3a loss does not contribute

to this phenotype in ASmice. Presynaptic

measures of terminal area, mitochondrial

area, and synaptic vesicle density were similar across the three

genotypic groups (Figures S8D–S8F). Importantly, glutamatergic

CCV accumulations in Ube3aSTOP/p+ mice occurred in the

absence of deficits in glutamatergic synaptic depletion (Fig-

ure S5E), providing yet another example of phenotypic dissocia-

tion between presynaptic CCVs and the capacity for recovery

from synaptic depletion.

DISCUSSION

This work constitutes the first investigation of neuron-type-spe-

cific contributions to the pathogenesis of circuit hyperexcitability

in AS. We show that GABAergic Ube3a deletion produces AS-

like enhancements in EEG delta power, enhances seizure sus-

ceptibility and severity, and results in aberrant L2/3 presynaptic

CCV accumulations. In contrast, glutamatergic Ube3a loss im-

pairs the receipt of tonic GABAergic inhibition by L2/3 pyramidal

neurons but does not lead to EEG abnormalities or confer vulner-

ability to seizures.

Our present results demonstrate that GABAergic Ube3a loss

leads to EEG abnormalities and seizures without producing

any of the defects in GABAergic inhibition that we previously

observed in L2/3 neocortex in AS mice, which lack Ube3a in

nearly all neurons (Wallace et al., 2012). The immediate implica-

tion of this surprising finding is that defective GABAergic inhibi-

tion onto L2/3 pyramidal neurons is neither a cause nor a conse-

quence of circuit hyperexcitability in AS mice. This is consistent

with a recent study indicating that EEG abnormalities and sei-

zures occur by P30 in ASmice (Mandel-Brehm et al., 2015), prior

to the emergence of mIPSC and eIPSC deficits onto L2/3 pyra-

midal neurons (Wallace et al., 2012).

Intriguingly, GABAergic Ube3a deletion produces atypical ac-

cumulations of CCVs in presynaptic terminals (Figures 7A3 and
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Figure 6. GABAergic Ube3a Loss Selectively Enhances LFP Spectral Power in the Delta Band

(A) Schematized configuration for LFP recordings in non-anesthetized mice.

(B) Sample V1 LFP recordings ([B1], scale bar: 100 mV, 1 s) and quantification of average spectral power (B2) from Control (n = 11) and Ube3aFLOX/p+::Gad2-Cre

(n = 11) mice at �P100. (B3) Quantification of the region (3 to 4 Hz) encompassing the largest genotypic difference in power within the delta band.

(C) Sample V1 LFP recordings ([C1], scale bar: 100 mV, 1 s) and quantification of average spectral power (C2) from from Control (n = 12), Ube3aSTOP/p+ (n = 9), and

Ube3aSTOP/p+::Gad2-Cre (n = 11) mice at �P100. (C3) Quantification of the region (2 to 3 Hz) encompassing the largest genotypic difference in power within the

delta band. Data represent mean ± SEM. *p % 0.05.
7A4), despite failing to yield deficits in GABAergic synaptic re-

covery following high-frequency stimulation. Increased presyn-

aptic CCVs are a hallmark of deficient clathrin-mediated endocy-

tosis (Cremona et al., 1999; Luthi et al., 2001; Milosevic et al.,

2011), though they could also possibly reflect compensation

for impairments in clathrin-independent modes of synaptic

vesicle recycling (Daly et al., 2000). Regardless of the underlying

cause, accumulations of clathrin-coated endocytic profiles in the

synapse typically predict electrophysiological impairments in

synaptic depletion and recovery, especially within GABAergic in-

terneurons that display high-frequency firing (Cremona et al.,

1999; Luthi et al., 2001; Hayashi et al., 2008). Our electrical

stimulation parameters might not have been optimized to reveal

deficiencies in synaptic vesicle recycling, perhaps explaining the

dissociation between this phenotype and GABAergic presynap-

tic CCV accumulations. More puzzling is the fact that selective

GABAergic Ube3a loss led to CCV accumulations at glutamater-

gic synapses (Figure 7A5); unless Ube3a loss in GABAergic

neurons triggers cell-nonautonomous defects in synaptic vesicle

cycling, we would expect CCV phenotypes to be confined

to GABAergic terminals. The parsimonious explanation is that

CCV accumulations provide a readout of circuit hyperexcitability

owed to GABAergic Ube3a loss, signaling the recent history of

high-frequency activity at both GABAergic and glutamatergic

presynaptic terminals. It remains to be elucidated how Ube3a

loss impairs GABAergic synaptic recovery in AS mice, but our
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data implicate a mechanism requiring loss of Ube3a in both glu-

tamatergic and GABAergic neurons (Figures 1E3 and 2D3).

Implications of Defective Tonic GABAergic Inhibition in
AS Mice
Here we show that glutamatergic Ube3a loss impairs the receipt

of tonic GABAergic inhibition by L2/3 pyramidal neurons in the

absence of EEG abnormalities and seizures (Figures 3G, 5B,

and 6C), indicating a lack of relevance to the pathogenesis of hy-

perexcitability in AS. Considering the apparent cell-autonomous

nature of this defect, it is reasonable to speculate that tonic

GABAergic tone onto GABAergic neurons is also diminished in

AS. However, such a deficit is equally unlikely to factor in the

pathogenesis of hyperexcitability; GABAergic neuron-specific

deletion of d-GABAARs actually enhances phasic inhibition,

thereby suppressing hippocampal network excitability and

seizure susceptibility (Lee andMaguire, 2013). Nevertheless, de-

creases in tonic GABAergic neurotransmission have the poten-

tial to alter network dynamics throughout the brain (Brickley

and Mody, 2012; Lee and Maguire, 2014) and may contribute

to the manifestation of AS phenotypes besides epilepsy. For

example, tonic inhibitory deficits onto cerebellar granule cells

in AS mice are linked to impaired locomotion, which is amenable

to rescue by the d-GABAAR superagonist THIP (Gaboxadol)

(Egawa et al., 2012). It has since been shown that cerebellar def-

icits consequent to the loss of tonic GABAergic inhibition onto



Figure 7. GABAergic Ube3a Loss Underlies

Presynaptic CCV Accumulation at Both

GABAergic and Glutamatergic Synapses

(A) Electron micrographs of dendritic inhibitory

synapses stained for GABA in Control (A1) and

Ube3aFLOX/p+::Gad2-Cre (A2) mice at�P80. Green

denotes GABAergic axon terminal, blue denotes

dendrite, inset highlights clathrin-coated vesicles

(CCVs) (scale bar: 200 nm). Average CCV densities

at dendritic GABAergic synapses ([A3], Control n =

89 synapses from 3 mice; Ube3aFLOX/p+::Gad2-

Cre n = 77 synapses from three mice), somatic

GABAergic synapses ([A4], Control n = 78 synap-

ses from three mice; Ube3aFLOX/p+::Gad2-Cre

n = 81 synapses from three mice), and spinous

glutamatergic synapses ([A5], Control n = 82 syn-

apses from three mice; Ube3aFLOX/p+::Gad2-Cre

n = 80 synapses from three mice).

(B) Electron micrographs of dendritic inhibitory

synapses stained for GABA in Control (B1),

Ube3aSTOP/p+ (B2), and Ube3aSTOP/p+::Gad2-Cre

(B3) mice at �P80. Green denotes GABAergic

axon terminal, blue denotes dendrite, inset high-

lights CCVs (scale bar: 400 nm). Average CCV

densities at dendritic GABAergic synapses ([B4],

Control n = 110 synapses from three mice;

Ube3aSTOP/p+ n = 119 synapses from three mice;

Ube3aSTOP/p+::Gad2-Cre n = 115 synapses from

three mice), somatic GABAergic synapses ([B5],

Control n = 103 synapses from three mice;

Ube3aSTOP/p+ n = 114 synapses from three mice;

Ube3aSTOP/p+::Gad2-Cre n = 110 synapses from

three mice), and spinous glutamatergic synapses

(B6, Control n = 108 synapses from three mice;

Ube3aSTOP/p+ n = 113 synapses from three mice;

Ube3aSTOP/p+::Gad2-Cre n = 113 synapses from

three mice). Data represent mean ± SEM. *p %

0.05; **p % 0.01; ****p % 0.0001.
cerebellar granule cells are clearly dissociable from locomotor

defects (Bruinsma et al., 2015), suggesting that any therapeutic

benefit of THIP for gross motor dysfunction works through the

enhancement of tonic GABAergic inhibition in extracerebellar

circuits. Together with our present findings, these studies under-

score the need for further preclinical elucidation of a complex

relationship between deficits in tonic inhibition and AS-like phe-

notypes; such knowledge will be essential to inform future clin-

ical trials of THIP administration in AS patients—especially with

regard to the selection of appropriate clinical endpoints.

Insights into Circuit-Level Consequences of GABAergic
Ube3a Loss
What are the physiological mechanisms by which GABAergic

Ube3a loss contributes to circuit imbalance? We previously

found that neocortical fast-spiking interneurons receive normal

excitatory synaptic drive and display appropriate intrinsic excit-
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ability in the absence of Ube3a (Wallace

et al., 2012), and our present studies indi-

cate that a loss of GABAergic inhibition

onto L2/3 pyramidal neurons is not

involved in mediating circuit hyperexcit-
ability (Figures 1, 4, 5, 6, and 7). These findings highlight the

importance of moving beyond the L2/3 neocortical microcircuit

to elucidate the physiological consequences of GABAergic

Ube3a loss. While this is a vast parameter space, potentially

involving numerous GABAergic neuron populations, our EEG

findings point to a major role for the thalamic reticular nucleus

(TRN). GABAergic TRN neurons directly regulate the oscillatory

activity of thalamocortical circuits and, when activated, are

capable of mediating selective enhancements of neocortical

EEG power in the delta band (Zhang et al., 2009; Lewis et al.,

2015)—the same power band in which we observed the majority

of EEG power enhancement following GABAergic Ube3a loss.

Indeed, pathological synchrony of TRN neurons has been impli-

cated in the generation of delta frequency spike-wave oscilla-

tions and atypical absence seizures (Steriade, 2005; Huguenard

andMcCormick, 2007), both of which are commonly observed in

AS (Vendrame et al., 2012; Thibert et al., 2013). High-amplitude
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theta rhythmicity (4–6 Hz) with spiking is another common back-

ground EEG abnormality in AS (Thibert et al., 2013). Although this

theta abnormality ismost prominent in occipital regions, it seems

to disappear by adolescence (Laan et al., 1997), perhaps ex-

plaining whywe did not record significant enhancements in theta

power in adult Ube3aSTOP/p+ or Ube3aFLOX/p+::Gad2-Cre mice,

despite recording from V1 (Figure 6). Future work in AS models

should focus on factors known to affect TRN neuron excitability

and synchrony—including relative levels of excitatory and inhib-

itory synaptic drive, the integrity of gap junctions (Proulx et al.,

2006; Lee et al., 2014), the expression of T-type calcium chan-

nels (Tsakiridou et al., 1995; Zhang et al., 2009), and cholinergic

input (McCormick and Prince, 1986; Sun et al., 2013). However,

intracortical GABAergic mechanisms that underlie pathological

spike-wave discharges also remain of interest, especially those

that engage disinhibitory circuitry (Pi et al., 2013; Hall et al.,

2015).

Numerous GABAergic circuits outside the thalamus and cor-

tex could also contribute to the enhancements in seizure sus-

ceptibility that we observed following GABAergic Ube3a loss.

This might even be expected, considering the variety of seizure

types known to occur in individuals with AS (Galván-Manso

et al., 2005; Thibert et al., 2013). GABAergic circuits in the tem-

poral lobe, hypothalamus, and striatum are all potentially of inter-

est, but they have yet to be formally investigated. We have also

yet to explore the possibility that GABAergic Ube3a loss medi-

ates AS-like phenotypes other than EEG abnormalities and sei-

zures. Recent findings suggest that GABAergicMecp2 loss pre-

cipitates the majority of Rett syndrome-like phenotypes in mice

(Chao et al., 2010; Ito-Ishida et al., 2015). Considering the high

degree of phenotypic overlap between AS and Rett syndrome

(Jedele, 2007; Tan et al., 2014), this might foreshadow a similarly

broad penetrance of AS-like phenotypes following GABAergic

Ube3a loss. On the other hand, there is clearly divergence in

the developmental mechanisms underlying AS and Rett syn-

drome, as indicated by studies modeling the temporal require-

ments for Ube3a and Mecp2 gene reinstatement therapy,

respectively (Guy et al., 2007; Silva-Santos et al., 2015).

Neuron-Type-Specific Strategies for the Treatment of
Circuit Hyperexcitability in AS
Ube3aSTOP/p+::Gad2-Cre mice dually serve to model the effects

of glutamatergic Ube3a loss as well as the therapeutic value of

GABAergicUbe3a reinstatement. The lack of EEG abnormalities,

seizures, and associated CCV accumulations in this line (Figures

5, 6, and 7) demonstrates the promise that GABAergic neuron-

specific treatments hold for the treatment of hyperexcitability

phenotypes in AS. However, this promise has its limits. Modeling

of pan-cellular Ube3a reinstatement in Ube3aSTOP/p+ mice pre-

dicts closure of a critical period for the amelioration of hyperex-

citability phenotypes very early during postnatal development

(Silva-Santos et al., 2015). Furthermore, GABAergic neuron-spe-

cific therapeutic approaches in AS are unlikely to involve the rein-

statement ofUBE3A expression. The only tractable target for the

reinstatement of UBE3A expression in individuals with AS is the

paternal UBE3A allele. Paternal UBE3A is intact, but epigeneti-

cally silenced in cis by a long non-coding RNA that includes a

30 UBE3A-antisense (UBE3A-ATS) sequence (Rougeulle et al.,
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1998;Martins-Taylor et al., 2014). Thus far, successful preclinical

efforts to unsilence paternal Ube3a have depended directly

(Meng et al., 2015) or indirectly (Huang et al., 2012) on the down-

regulation of Ube3a-ATS, which appears to be uniformly ex-

pressed by glutamatergic and GABAergic neurons. Therefore,

signaling pathways that functionally intersect with UBE3A are

more likely to provide neuron-type-specific targets for the devel-

opment of AS therapeutics.

As a proof of concept, genetic normalization of calcium/

calmodulin-dependent kinase type 2-a subunit (CaMKII-a) inhib-

itory hyperphosphorylation—a signaling deficit which decreases

CaMKII enzymatic activity in Ube3am�/p+ mice (Weeber et al.,

2003)—rescues seizure phenotypes (van Woerden et al., 2007).

Moreover, genetic reduction of the immediate-early gene, Arc

(Arc+/�), whose expression UBE3Amay regulate either transcrip-

tionally or posttranslationally through ubiquitination (Greer et al.,

2010; Kühnle et al., 2013), normalizes EEG and abnormal re-

sponses to audiogenic stimuli in Ube3am�/p+ mice (Mandel-

Brehm et al., 2015). Arc expression is preferentially induced in

CaMKII-a-expressing neurons in response to convulsive sei-

zures (Vazdarjanova et al., 2006), indicating that the restoration

of circuit balance in Ube3am�/p+::Arc+/� mice may also be medi-

ated by these cells. This poses a puzzle, however, considering

our compelling evidence that GABAergic, but not glutamatergic,

Ube3a loss drives the pathogenesis of hyperexcitability; in

most brain regions including the cortex and hippocampus,

CaMKII-a expression is restricted to glutamatergic neurons

(Benson et al., 1992). An exception is the striatum in which

CaMKII-a activity and Arc expression are readily induced within

GABAergic spiny projection neurons in response to a variety of

stimuli (Tan et al., 2000; Choe and Wang, 2002; Vazdarjanova

et al., 2006; Anderson et al., 2008). GABAergic spiny projection

neurons may thus be a nexus for seizure susceptibility or seizure

resistance as mediated by loss or reinstatement of Ube3a,

respectively. Alternatively, normalization of CaMKII-a and ARC

function may work intrinsically through glutamatergic circuits to

dampen their excitability and restore circuit balance, countering

inhibitory deficits mediated by GABAergic Ube3a loss.

In summary, the present data compel us to revisit, reevaluate,

and refine our previous hypotheses regarding the pathogenesis

of circuit hyperexcitability in AS. We now appreciate that

GABAergic UBE3A loss is likely to be the principal pathogenic

factor underlying circuit hyperexcitability in the disorder; accord-

ingly, the restoration of GABAergic neuronal function represents

themost direct therapeutic strategy for the prevention or reversal

of EEG abnormalities and seizures, provided the intervention oc-

curs sufficiently early in development. This conceptual advance

should help to focus future studies of the molecular mecha-

nisms working both upstream and downstream of UBE3A within

GABAergic neurons, perhaps yielding novel, actionable thera-

peutic targets.
EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures for experimental details relating

to mouse lines, AAV-Cre injections, electrophysiology, flurothyl-induced

seizure assays, audiogenic seizure assays, qRT-PCR, western blotting, immu-

nohistochemistry, and statistical analyses.



Animals

We raised all mice on a 12:12 light:dark cycle with ad libitum access to food

and water. We used both male and female littermates at equivalent genotypic

ratios and in strict compliance with animal protocols approved by the Institu-

tional Animal Care and Use Committees of the University of North Carolina at

Chapel Hill.

Electrophysiology

Whole-Cell Voltage-Clamp Recordings

We placed coronal slices containing V1 (see Supplemental Experimental Pro-

cedures) in a submersion chamber maintained at 30�C and perfused at 2 ml/

min with oxygenated ACSF (in mM: 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26

NaHCO3, 1 MgCl2, 2 CaCl2, and 20 dextrose). We pulled patch pipettes from

thick-walled borosilicate glass using a P2000 laser puller (Sutter Instruments).

Open tip resistances were between 2–5 MU when pipettes were filled with the

internal solution containing (in mM) 100 CsCH3SO3, 15 CsCl, 2.5 MgCl2, 5 QX-

314-Cl, 5 tetra-Cs-BAPTA, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, and 0.025

Alexa-594, with pH adjusted to 7.25 and osmolarity adjusted to �295 mOsm

with sucrose.

We visually targeted L2/3 pyramidal neurons for recording using an Axio

Examiner microscope (Zeiss, Germany) equipped with infrared differential

interference contrast and epifluorescence optics. For successfully patched

neurons, we achieved pipette seal resistances >1 GU, minimizing pipette

capacitive transients prior to breakthrough. We performed voltage-clamp

recordings in the whole-cell configuration using a Multiclamp 700B ampli-

fier (Molecular Devices) with 10 kHz digitization and a 2 kHz low-pass

Bessel filter. We acquired and analyzed data using pCLAMP 10 software

(Molecular Devices, RRID:SCR_011323). We monitored changes in series

and input resistance throughout each experiment by giving test step of

�5 mV every 30 s and measuring the resultant amplitude of the capacitive

current. We discarded neurons if series resistance surpassed 25 MU or if

series resistance or input resistance changed by >25% during the course

of an experiment. We confirmed L2/3 pyramidal neuronal identity by

analyzing characteristic membrane properties (Table S1) and the presence

of dendritic spines and prominent apical dendrites visualized with Alexa-

594 dye.

In Vivo LFP Recordings

We backcrossed mice used for LFP and audiogenic seizure experiments (see

Supplemental Experimental Procedures) six to seven generations onto the

129S2/SvPasCrl background, which is permissive for hyperexcitability pheno-

types. For surgeries, we anesthetized adult mice (P75–118 on day 1 of

recording) via intraperitoneal injections of ketamine (40 mg/kg) and xylazine

(10 mg/kg), with 0.25% bupivacaine injected under the scalp for local anal-

gesia. We then bilaterally implanted tungsten microelectrodes (FHC) in layer

4 of V1 (3.2–3.3 mm lateral to Lambda, 0.47 mm depth) and placed a silver

wire in prefrontal cortex as a reference electrode. In order to enable head fix-

ation during recordings, we attached a steel headpost to the skull anterior to

bregma. We used dental cement to secure all elements in place and create

a protective head cap.

We allowed mice to recover for at least 2 days following surgery before

habituating them to the recording apparatus over 2 consecutive days. We

acquired LFP data over the next 3 consecutive days. We head-fixed mice

during all recording sessions (both habituation and LFP), orienting them to-

ward a full-field gray screen for 15 min in a dark, quiet environment. We

amplified LFP recordings 1,0003 using single-channel amplifiers (Grass

Technologies) with 0.1 Hz low-pass and 100 Hz high-pass filtration preced-

ing acquisition and digitization at 4 kHz using Spike2 software (CED Ltd.,

RRID: SCR_000903). We analyzed spectral power using a fast Fourier trans-

form resulting in bin sizes of 0.5 Hz. Prior to analysis, we manually excluded

rarely occurring electrical artifacts corresponding to mouse movement. For

each animal, we averaged power spectra from both hemispheres across

all 3 days of recording.

Statistics

We performed all experiments and analyses blind to genotype. We performed

all statistical analyses using GraphPad Prism 6 software (GraphPad Software

Inc., RRID: SCR_002798).
SUPPLEMENTAL INFORMATION
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1 (related to Figures 1, 3-7). Validation of Ube3aKO1st-targeted embryonic stem cells.   

(A) Schematic of strategy to generate C57BL/6 mice carrying the Ube3aFLOX allele, as previously 

described (Berrios et al., 2016).  (B) Southern blotting of genomic DNA from wild type (Ube3am+/p+) 

and Ube3aKO1st-targeted embryonic stem cells.  Probe specific to 5’ end of the targeted Ube3a 

genomic region.  (C) Southern blotting of the same samples using a probe specific to the 3’ end of the 

targeted Ube3a genomic region.  Arrows indicate KpnI-digested fragments specifically resulting from 

the Ube3aKO1st allele.  

 

Figure S2 (related to Figures 1 and 3). Analyses of interneuron density, miniature EPSCs, and 

evoked IPSC paired-pulse ratios following GABAergic deletion of Ube3a. 

(A) Immunostaining of interneuron subtype-specific markers calretinin (CRT), parvalbumin (PV), and 

somatostatin (SOM) in ~P80 primary visual cortex of Control (A1) and Ube3aFLOX/p+::Gad2-Cre (A2) 

mice.  (A3) Quantification of SOM-, CRT-, and PV-positive interneuron density (Control n = 4 mice; 

Ube3aFLOX/p+::Gad2-Cre n = 4 mice).  (B) Sample recordings and quantification of mEPSC amplitude 

and frequency from pyramidal neurons in ~P80 L2/3 visual cortex from Control (n = 15 cells) and 

Ube3aFLOX/p+::Gad2-Cre (n = 11 cells) mice. (C) Sample recordings (C1) and quantification (C2) of 

eIPSC paired pulse ratios in ~P80 Control and Ube3aFLOX/p+::Gad2-Cre mice using both 100 ms 

(Control n = 11 cells; Ube3aFLOX/p+::Gad2-Cre n = 9 cells) and 33 ms (Control n = 14 cells; 

Ube3aFLOX/p+::Gad2-Cre n = 7 cells) interstimulus intervals (ISI).  Scale bars: 100 m or 50 m for 

zoom-ins (A); 20 pA, 200 ms (B); 200 pA, 20 ms (C1, 100 ms ISI); 200 pA, 12 ms (C1, 33 ms ISI).  

Data represent mean ± SEM.  *p≤0.05. 
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Figure S3 (related to Figures 1, 3-7). Cre-mediated recombination of the maternally inherited 

Ube3aFLOX allele nullifies neuronal Ube3a expression.   

(A) qRT-PCR analysis of Ube3a expression in ~P60 neocortex (Control n = 6 mice; Ube3aFLOX/p+ n = 

4 mice; Ube3am–/p+ n = 3 mice; Ube3aFLOX/p+::Nestin-Cre n = 4 mice).  (B) Representative Western 

blots (B1) for UBE3A and GAPDH loading control protein prepared from ~P60 neocortical lysates.  

Lanes: Control = 1 and 8; Ube3aFLOX/p+ = 2-4; Ube3aFLOX/p+::Nestin-Cre = 5-7; Ube3am–/p+ = 9.  (B2) 

Quantification of Western blotting (Control n = 3 mice; Ube3aFLOX/p+ n = 5 mice; Ube3am–/p+ n = 2 

mice; Ube3aFLOX/p+::Nestin-Cre n = 6 mice).  (C) UBE3A immunostaining at ~P80 in posterior coronal 

hemisections (far left column) and in L2/3 of primary visual cortex in conjunction with staining for the 

neuronal marker NEUN.  Arrowheads indicate UBE3A staining in NEUN-negative glia (scale bar = 1.1 

mm for hemisections and 35 m for L2/3 visual cortex.  Data represent mean ± SEM.   

 

Figure S4 (related to Figures 1 and 3). Nervous system-specific deletion of maternal Ube3a 

results in inhibitory synaptic defects onto L2/3 pyramidal neurons.  

(A) Immunostaining of interneuron subtype-specific markers calretinin (CRT), parvalbumin (PV), and 

somatostatin (SOM) in ~P80 primary visual cortex of Control (A1) and Ube3aFLOX/p+::Nestin-Cre (A2) 

mice.  Scale bar = 100 m or 40 m for zoom-ins.  (A3) Quantification of SOM-, CRT-, and PV-

positive interneuron density (Control n = 4 mice; Ube3aFLOX/p+ n = 4 mice; Ube3aFLOX/p+::Nestin-Cre n 

= 4 mice).  (B) Sample recordings (B1, scale bar = 20 pA, 200 ms) and quantification of mEPSC 

amplitude (B2) and frequency (B3) from pyramidal neurons in ~P80 L2/3 visual cortex from Control (n 

= 13 cells), Ube3aFLOX/p+ (n = 7 cells), and Ube3aFLOX/p+::Nestin-Cre (n = 16 cells).  (C) Sample 

mIPSC recordings (C1) from pyramidal neurons in ~P80 L2/3 visual cortex (scale bar = 20 pA, 200 

ms).  Quantification of mIPSC amplitude (C2) and frequency (C3) (Control n = 20 cells; Ube3aFLOX/p+ n 

= 15 cells; Ube3aFLOX/p+::Nestin-Cre n = 23 cells).  (D) Sample recordings of eIPSCs (D1) at 

stimulation intensities of 2, 10, 30, and 100 A (scale bar = 900 pA, 50 ms).  (D2) Quantification of 
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eIPSCs at ~P80.  Inset depicts response amplitudes to 100 A stimulation (Control n = 28 cells; 

Ube3aFLOX/p+ n = 23 cells; Ube3aFLOX/p+::Nestin-Cre n = 40 cells). (E) Quantification of eIPSCs in 

paired-pulse experiments (Control n = 44 cells; Ube3aFLOX/p+ n = 51 cells; Ube3aFLOX/p+::Nestin-Cre n 

= 54 cells).  (F) Sample recordings (F1) depicting each phase of an inhibitory synaptic depletion and 

recovery experiment performed in ~P80 mice (scale bars: baseline = 200 pA, 20 ms; depletion = 200 

pA, 70 ms; recovery = 200 pA, 20 ms).  (F2)  Average depletion phase showing eIPSC amplitude 

normalized to baseline during 800 stimuli at 30 Hz.  Each point (80 plotted per genotype) represents 

the average of 10 consecutive responses that were collapsed and averaged per cell.  (F3) Average 

recovery phase showing eIPSC amplitude normalized to baseline during 90 stimuli at 0.33 Hz.  Each 

point (30 plotted per genotype) represents the average of 3 consecutive responses that were 

collapsed and averaged per cell.  Average depletion and recovery responses for each genotype were 

fit with a monophasic exponential (Control n = 43 cells; Ube3aFLOX/p+ n = 51 cells; 

Ube3aFLOX/p+::Nestin-Cre n = 53 cells).  Data represent mean ± SEM.  *p≤0.05, ***p≤0.001. 

 

Figure S5 (related to Figure 2). Analyses of miniature EPSCs, miniature IPSCs, evoked IPSC 

paired-pulse ratios, and excitatory synaptic depletion following GABAergic reinstatement of 

Ube3a.  

(A) Sample recordings (A1, scale bar = 20 pA, 200 ms) and quantification of mEPSC amplitude (A2) 

and frequency (A3) from pyramidal neurons in ~P80 L2/3 visual cortex from Control (n = 19 cells), 

Ube3aSTOP/p+ (n = 22 cells), and Ube3aSTOP/p+::Gad2-Cre (n = 19 cells).  (B) Sample mIPSC 

recordings, using a standard internal solution (B1), from pyramidal neurons in ~P80 L2/3 visual cortex 

(scale bar = 20 pA, 200 ms), with quantification of mIPSC amplitude (B2) and frequency (B3) (Control 

n = 43 cells; Ube3aSTOP/p+ n = 34 cells; Ube3aSTOP/p+::Gad2-Cre n = 30 cells).  (C) Sample mIPSC 

recordings, using a high-chloride internal solution (C1), from pyramidal neurons in ~P80 L2/3 visual 

cortex (scale bar = 50 pA, 200 ms), with quantification of mIPSC amplitude (C2) and mIPSC 
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frequency (C3) (Control n = 8 cells; Ube3aSTOP/p+ n = 14 cells; Ube3aSTOP/p+::Gad2-Cre n = 14 cells).  

(D) Sample recordings (scale bar = 200 pA, 25 ms) and quantification of eIPSCs in paired-pulse 

experiments (Control n = 9 cells; Ube3STOP/p+ n = 11 cells; Ube3aSTOP/p+::Gad2-Cre n = 13 cells).  (E) 

Sample recordings (E1) depicting each phase of an excitatory synaptic depletion and recovery 

experiment performed in ~P80 mice (scale bars: baseline = 60 pA, 8 ms; depletion = 60 pA, 160 ms; 

recovery = 60 pA, 8 ms).  (E2)  Average depletion phase showing eEPSC amplitude normalized to 

baseline during 800 stimuli at 30 Hz.  Each point (80 plotted per genotype) represents the average of 

10 consecutive responses that were collapsed and averaged per cell.  (E3) Average recovery phase 

showing eEPSC amplitude normalized to baseline during 90 stimuli at 0.33 Hz.  Each point (30 

plotted per genotype) represents the average of 3 consecutive responses that were collapsed and 

averaged per cell.  Average depletion and recovery responses for each genotype were fit with a 

monophasic exponential (Control n = 13 cells; Ube3aSTOP/p+ n = 11 cells; Ube3aSTOP/p+::Gad2-Cre n = 

11 cells).  Data represent mean ± SEM. 

 

Figure S6 (related to Figure 3). Decreased evoked IPSC amplitude following cell-autonomous 

glutamatergic Ube3a loss.  

(A) Intracerebroventricular injection strategy (A1) used to achieve mosaic AAV-Cre transduction of 

L2/3 pyramidal neurons in Ube3aFLOX/p+ and Ube3am+/p+ control littermates expressing the Ai9 Cre-

dependent tdTomato reporter allele.  Immunostaining of UBE3A and the neuronal marker NEUN in 

P12 Ube3am+/p+::Ai9 (A2) and Ube3aFLOX/p+::Ai9 (A3) mice neonatally injected with low-titer AAV-Cre.  

Arrowheads point to AAV-Cre-transduced, tdTomato-positive L2/3 pyramidal neurons (scale bar = 

125 m or 30 m for zoom-ins).  (A4) Quantification at P12 of the percentage of tdTomato and UBE3A 

co-stained neurons per 800 m-wide strip of cortex (Ube3am+/p+ n = 5 strips; Ube3aFLOX/p+ n = 10 

strips).  (B) Schematic for recording eIPSCs (B1) from L2/3 pyramidal neurons in AAV-Cre-transduced 

primary visual cortex.  (B2) Sample recordings of eIPSCs at stimulation intensities of 2, 10, 30, and 
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100 A (scale bar = 1 nA, 40 ms).  (B3) Quantification of eIPSCs recorded at ~P80.  Inset depicts 

response amplitudes to 100 A stimulation (Ube3am+/p+ n = 32 cells; Ube3aFLOX/p+ n = 26 cells; 

Ube3am+/p+::AAV-Cre n = 38 cells; Ube3aFLOX/p+::AAV-Cre n = 28 cells).  Data represent mean ± SEM.  

*p≤0.05, **p≤0.01, ****p≤0.0001. 

 

Figure S7 (related to Figure 7). Nervous system-specific deletion of Ube3a causes CCV 

accumulation at both glutamatergic and GABAergic neocortical synapses.  

(A) Electron micrographs of dendritic inhibitory synapses stained for GABA (top row) and 

glutamatergic spinous synapses (bottom row) in Control (A1), Ube3aFLOX/p+ (A2), and 

Ube3aFLOX/p+::Nestin-Cre (A3) mice at ~P80.  Green denotes GABAergic axon terminal, blue denotes 

dendrite, red denotes dendritic spine, inset or arrows highlight clathrin coated vesicles (CCVs) (scale 

bar = 200 nm).  (B) Average values at dendritic inhibitory synapses for axon terminal area (B1), 

terminal mitochondrial area (B2), synaptic vesicles per m2 (B3), and CCVs per m2 (B4) (Control n = 

216 synapses from 6 mice; Ube3aFLOX/p+ n = 117 synapses from 3 mice; Ube3aFLOX/p+::Nestin-Cre n = 

151 synapses from 4 mice).  (C) Average values at somatic inhibitory synapses for axon terminal 

area (C1), terminal mitochondrial area (C2), synaptic vesicles per m2 (C3), and CCVs per m2 (C4) 

(Control n = 213 synapses from 6 mice; Ube3aFLOX/p+ n = 123 synapses from 3 mice; 

Ube3aFLOX/p+::Nestin-Cre n = 149 synapses from 4 mice).  (D) Average values at glutamatergic 

(spinous) synapses for axon terminal area (D1), terminal mitochondrial area (D2), synaptic vesicles 

per m2 (D3), and CCVs per m2 (D4) (Control n = 241 synapses from 6 mice; Ube3aFLOX/p+ n = 132 

synapses from 3 mice; Ube3aFLOX/p+::Nestin-Cre n = 156 synapses from 4 mice).  Data represent 

mean ± SEM.  *p≤0.05, **p≤0.01, ****p≤0.0001. 
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Figure S8 (related to Figure 7). Ultrastructural analyses of presynaptic terminal size, 

mitochondrial representation, and synaptic vesicle density following GABAergic Ube3a 

deletion and reinstatement.   

(A-C) Average values from ~P80 Control and Ube3aFLOX/p+::Gad2-Cre mice at L2/3 GABAergic 

synapses onto dendrites (A1-A3, Control n = 89 synapses from 3 mice; Ube3aFLOX/p+::Gad2-Cre n = 77 

synapses from 3 mice), L2/3 GABAergic synapses onto somata (B1-B3, Control n = 78 synapses from 

3 mice; Ube3aFLOX/p+::Gad2-Cre n = 81 synapses from 3 mice), and L2/3 glutamatergic spinous 

synapses (C1-C3, Control n = 82 synapses from 3 mice; Ube3aFLOX/p+::Gad2-Cre n = 80 synapses 

from 3 mice).  (D-F) Average values from ~P80 Control, Ube3aSTOP/p+, and Ube3aSTOP/p+::Gad2-Cre 

mice at L2/3 GABAergic synapses onto dendrites (D1-D3, Control n = 110 synapses from 3 mice; 

Ube3aSTOP/p+ n = 119 synapses from 3 mice; Ube3aSTOP/p+::Gad2-Cre n = 115 synapses from 3 mice), 

L2/3 GABAergic synapses onto somata (E1-E3, Control n = 103 synapses from 3 mice; Ube3aSTOP/p+ n 

= 114 synapses from 3 mice; Ube3aSTOP/p+::Gad2-Cre n = 110 synapses from 3 mice), and L2/3 

glutamatergic spinous synapses (F1-F3, Control n = 108 synapses from 3 mice; Ube3aSTOP/p+ n = 113 

synapses from 3 mice; Ube3aSTOP/p+::Gad2-Cre n = 113 synapses from 3 mice).  Data represent 

mean ± SEM.  **p≤0.01.   
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Table S1 (related to Figures 1, 3, S4, and S5). Quantification of membrane properties from mIPSC 
experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cm, capacitance; Rs, series resistance; Rm, membrane resistance; Tau, membrane time constant. *Values estimated using membrane 
test feature in pClamp 10.   

 

 

 

 

 

 

Figure S4C (mIPSCs) 

Genotype: Control Ube3aFLOX/p+ Ube3aFLOX/p+::Nestin-Cre 
p-value 

n = 20 15 23 

*Cm (pF) 169.9 ± 7.5 158.86 ± 8.65 156.35 ± 5.47 0.34 

Rs (M) 14.7 ± 0.84 14.62 ± 0.6 13.99 ± 0.69 0.74 

Rm (M) 213.2 ± 15.8 236.26 ± 16.1 241.26 ± 16.12 0.41 

*Tau (ms) 1.9 ± 0.13 1.8 ± 0.14 1.8 ± 0.1 0.86 

Figure 1C (mIPSCs) 

Genotype: Control Ube3aFLOX/p+::Gad2-Cre
p-value 

n = 11 17 

*Cm (pF) 167.45 ± 8.83 162.53 ± 6.79 0.66 

Rs (M) 13.98 ± 1.31 13.72 ± 0.86 0.87 

Rm (M) 218.92 ± 26.12 223.87 ± 5.91 0.82 

*Tau (ms) 1.59 ± 0.17 1.62 ± 0.1 0.64 

Figure 3F (mIPSCs) 

Genotype:  Control Ube3aFLOX/p+::NEX-Cre
p-value 

n = 15 12 

*Cm (pF) 152.07 ± 5.66 157.75 ± 9.73 0.62 

Rs (M) 15.52 ± 1.12 16.08 ± 1.49 0.77 

Rm (M) 188.13 ± 8.57 195.5 ± 14.83 0.67 

*Tau (ms) 2.17 ± 0.16 2.2 ± 0.19 0.90 

Figure S5B (mIPSCs) 

Genotype: Control Ube3aSTOP/p+ Ube3aSTOP/p+::Gad2-Cre 
p-value 

n = 43 34 30 

*Cm (pF) 174.11 ± 4.39 165.9 ± 4.95 173.96 ± 7.0 0.47 

Rs (M) 11.13 ± 0.54 11.09 ± 0.61 10.91 ± 0.64 0.97 

Rm (M) 183.13 ± 8.06 186.45 ± 9.82 189.51 ± 10.15 0.89 

*Tau (ms) 1.78 ± 0.08 1.71 ± 0.1 1.74 ± 0.08 0.83 



8 
 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Animals 

We generated Ube3aFLOX mice in the UNC Animal Models Core facility.  Briefly, we electroporated 

C57BL/6 mouse embryonic stem (ES) cells with an AsiSI-linearized Ube3aKO1st targeting construct, 

which was generated by the trans-NIH Knockout Mouse Project (KOMP) and obtained from the 

KOMP repository (www.komp.org).  We then analyzed DNA from neomycin-resistant ES cell colonies 

by Southern blot hybridization using both 5’- and 3’-flanking probes to confirm clones which had 

incorporated the Ube3aKO1st allele via homologous recombination.  To produce Ube3aKO1st-targeted 

chimeric mice, we microinjected Ube3aKO1st-targeted ES cells into C57BL/6-albino blastocysts.  We 

then crossed germline chimeric males (determined by transmission of coat color in parallel breeding) 

to C57BL/6 female homozygous Rosa26-FLPe mice (RRID:IMSR_JAX:009086) in order to excise the 

FRT-flanked lacZ gene trap from the Ube3aKO1st allele and thereby produce the conditional Ube3a 

knockout allele (i.e., Ube3aFLOX).  We bred the FLPe allele out of the Ube3aFLOX line and maintained 

Ube3am+/FLOX female breeders on a congenic C57BL/6 background, except for in vivo LFP and 

audiogenic seizure experiments, in which case Ube3am+/FLOX female breeders were backcrossed at 

least 5 times onto the129S2/SvPasCrl background.  We genotyped Ube3aFLOX mice using the 

following polymerase chain reaction (PCR) primers: Ube3aFLOX F (5′- AAAATTGGGTATGCGAGCTG 

-3′) and Ube3aFLOX R (5′- GGGGTCTAAGGGCCTATGAA -3′). 

The laboratory of Ype Elgersma originally generated Ube3aSTOP mice on a congenic 

129S2/SvPasCrl background (Silva-Santos et al., 2015).  We maintained Ube3am+/STOP females on 

the congenic 129S2/SvPasCrl background to support breeding for in vivo LFP recordings and 

audiogenic seizure experiments, but used Ube3am+/STOP females backcrossed 2-4 generations onto 

the C57BL/6J background for breeding to supply whole-cell electrophysiology and electron 

microscopy experiments.   
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Most experiments required the mating of female mice with paternal inheritance of a conditional 

Ube3a allele (i.e., Ube3am+/FLOX or Ube3am+/STOP) to heterozygous males from one of three Cre-

expressing lines: Nestin-Cre mice (RRID:IMSR_JAX:003771) (Tronche et al., 1999), Gad2-Cre mice 

(RRID:IMSR_JAX:010802), or NEX-Cre mice (Goebbels et al., 2006), which Klaus-Armin Nave 

generously provided.   

We maintained Nestin-Cre and NEX-Cre mice on a congenic C57BL/6 background.  We 

always bred Nestin-Cre males to congenic C57BL/6 Ube3am+/FLOX females to yield congenic C57BL/6 

experimental offspring.  The same was true for NEX-Cre breeding with regard to generation of 

congenic C57BL/6 animals for histology, electrophysiology experiments, and Ube3aFLOX/p+::NEX-Cre 

offspring for flurothyl seizure assays.   

Gad2-Cre mice were initially generated as C57/129 hybrids (Taniguchi et al., 2011), which had 

been backcrossed at least 3 generations toward C57BL/6 prior to our acquiring them from JAX.  We 

used Gad2-Cre males backcrossed at least 4 times onto C57BL/6 to breed mice for whole-cell 

electrophysiology and electron microscopy experiments, and at least 7 times onto C57BL/6 to breed 

for flurothyl seizure assays.  For in vivo LFP recordings and audiogenic seizure experiments, we used 

Gad2-Cre breeder males backcrossed at least 5 generations back toward 129S2/SvPasCrl when 

bred to congenic 129S2/SvPasCrl Ube3am+/STOP females and Gad2-Cre breeder males backcrossed 

at least 9 generations back toward 129S2/SvPasCrl when crossed to 5x 129-backcrossed 

Ube3am+/FLOX females (see above).   

To generate litters for AAV-Cre injections, we crossed Ube3am+/FLOX females to male 

homozygous Ai9, tdTomato Cre-reporter mice (RRID:IMSR_JAX:007909), which were maintained on 

a congenic C57BL/6 background (Madisen et al., 2010).  We generated constitutively maternal 

Ube3a-deficient mice (Ube3am–/p+) by breeding congenic C57BL/6 Ube3am+/p– females 

(RRID:IMSR_JAX:016590) to congenic C57BL/6 wild type males (Jiang et al., 1998).   
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Adeno-Associated Virus (AAV) Injections 

We cryoanesthetized P0-P1.5 mouse pups on wet ice for ~3 minutes before transferring them to a 

chilled stage equipped with a fiber optic light source to transilluminate the lateral ventricles.  We used 

a 10 l syringe with a 32-gauge, 0.4 inch-long sterile syringe needle (7803-04, Hamilton, Reno, NV) 

to bilaterally deliver 0.5 L of purified AAV (4 x 1012 viral genomes/mL) to the lateral ventricles.  We 

added fast green dye (1 mg/mL) to the virus solution to verify successful injections.  This procedure 

resulted in ~4 x 109 total viral genomes being injected per pup.  We specifically used AAV vectors 

with the serotype 9 capsid, which were packaged at the UNC Viral Vector Core with self-

complementary genomes containing a modified hybrid CMV enhancer/chicken b-actin (CBh) 

promoter driving a Cre expression cassette (Gray et al., 2011).  Following injection, we warmed pups 

on an isothermal heating pad with home-cage nesting material before returning them en masse to 

their typical home cage environment.   

 

Electrophysiology 

Acute coronal slice preparation.  We anesthetized P70-P90 mice with pentobarbital (40 mg/kg) and, 

after confirming the disappearance of corneal reflexes, transcardially perfused them with ice-cold 

dissection buffer (in mM: 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 75 sucrose, 10 dextrose, 1.3 

ascorbic acid, 7 MgCl2, and 0.5 CaCl2) bubbled with 95% O2 and 5% CO2.  We then dissected the 

visual cortices and prepared 350 μm-thick coronal slices using a VT1000S vibrating microtome 

(Leica, Buffalo Grove, IL).  We allowed slices to recover for 20 minutes in a 35º C submersion 

chamber filled with oxygenated artificial cerebrospinal fluid (ACSF) (in mM; 124 NaCl, 3 KCl, 1.25 

NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, and 20 dextrose), which we supplemented with 1.25 mM 

ascorbic acid.  We then transferred the recovery chamber to room temperature where slices 

remained for a minimum of 40 minutes prior to use (Philpot et al., 2003).   
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Miniature excitatory and inhibitory postsynaptic current (mEPSC and mIPSC) recording conditions.  In 

order to pharmacologically block action potential firing, inhibitory neurotransmission, and to isolate 

AMPA (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor-mediated mEPSCs, we 

perfused slices with 30º C, oxygenated ACSF containing 1 μM tetrodotoxin (TTX), 50 μM picrotoxin, 

and 100 μM D,L-2-amino-5-phosphonopentanoic acid (APV), and we performed recordings holding at 

-70 mV.  For mIPSC experiments, we utilized ACSF containing 1 μM TTX, 20 μM 6,7-

dinitroquinoxaline-2,3-dione (DNQX), and 100 μM APV.  For most mIPSC experiments, we voltage-

clamped neurons at 0 mV to maximize the chloride driving force for our standard Cs-based internal 

solutions.  However, in a subset of experiments, we also used the following high chloride internal 

solution to more easily resolve mIPSCs (in mM): 2 NaCl, 141 KCl, 1 CaCl2, 10 EGTA, 2 Mg-ATP, 0.3 

Na-GTP, 10 HEPES, 10 Na-phosphocreatine, and 0.025 Alexa-594 with pH adjusted to 7.25 and 

osmolarity adjusted to ~295 mOsm with sucrose.  We held neurons at -80 mV when using this 

internal.  

Evoked inhibitory postsynaptic current (eIPSC) recording conditions.  We recorded eIPSCs under 

identical conditions to those described for mIPSC experiments utilizing the Cs-based internal solution 

and a 0 mV holding potential, except that we withheld TTX from the ACSF to enable action potential 

firing.  We electrically evoked IPSCs using a concentric bipolar stimulating electrode (200 μm tip 

separation) placed ~150 μm ventral to the recorded pyramidal neuron in L2/3.  The duration of each 

electrical stimulus was 200 μs. 

Evoked excitatory postsynaptic current (eEPSC) recording conditions.  We recorded eEPSCs under 

identical conditions to those described for mEPSC experiments with two notable exceptions: 1) we 

excluded TTX and picrotoxin from the ACSF, and 2) we voltage clamped neurons at ~-45 mV (the 

empirically determined chloride reversal potential without adjusting for junction potential).  Following 

the completion of excitatory synaptic depletion and recovery experiments we washed on DNQX and 

APV to confirm we were holding at the reversal potential for chloride; we excluded neurons from 
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analysis if their eEPSC amplitude did not decrease to at least 20% of the recovery plateau.  We 

performed electrical stimulation as described for eIPSC recordings.  

Tonic inhibitory current recording conditions.  We recorded -GABAAR-mediated tonic currents in 

ACSF containing 20 M DNQX and 100 M APV while voltage clamping at -70 mV using a CsCl 

internal solution (in mM: 135 CsCl, 2.5 MgCl2, 10 HEPES, 4 NaATP, 0.4 NaGTP, 10 NaCreatine, 0.6 

EGTA, and 0.025 Alexa-594 with pH adjusted to 7.25 and osmolarity adjusted to ~295 mOsm with 

sucrose).  We activated -GABAAR-selective currents via bath application of 1 M 4,5,6,7-

Tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride (THIP/Gaboxadol) for 10 minutes, chased for 10 

minutes with 20 M 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide 

(SR95531/Gabazine), a pan-GABAAR competitive antagonist.  We quantified -GABAAR-mediated 

currents both by measuring the inward shift in the holding current (Iholding) following wash-on of THIP 

(mean Iholding from last 2 minutes of THIP wash-on – mean Iholding from last 2 minutes of a 5 minute 

baseline period) and by measuring the subsequent outward shift in Iholding following Gabazine chase 

(mean Iholding from last 2 minutes of Gabazine wash-on – mean Iholding from last 2 minutes of THIP 

wash-on).  We normalized changes in Iholding to the membrane capacitance (Cm = Tm/Rm) of each 

cell.  We measured Tm from a double-exponential fit to the decay phase (peak + 15 ms) of 

membrane capacitive transients evoked by -5 mV steps in the holding potential.  We used the formula 

Tm = (A1/(A1+A2))*T1) + ((A2/(A1+A2))*T2), where A refers to the amplitude and T refers to the 

decay time constant of the two exponentials.    

 

Behavioral Seizures 

Flurothyl-induced seizures.  We performed flurothyl (bis(2,2,2-trifluoroethyl) ether) seizure 

experiments in a ventilated chemical hood, testing mice individually within an air-tight glass chamber 

(~ 2 L in volume).  We allowed mice to habituate to the chamber for 1 minute prior to the 

administration of 10% flurothyl in 95% ethanol, which we infused through a 5 ml syringe onto a gauze 
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pad suspended at the top of the chamber at a rate of 200 l/min.  We recorded resultant seizure 

behaviors using a video camera and scored the following events blind to genotype: 1) latency to the 

first myoclonic jerk (i.e., brief, but severe, contractions of the neck and body musculature occurring 

while the mouse maintains postural control); 2) latency to the first generalized seizure (i.e., 

convulsions resulting in a loss of postural control).  Upon observation of a generalized seizure, we 

immediately removed the lid of the chamber, exposing the mouse to fresh air, thereby facilitating 

cessation of the seizure.  We cleaned the chamber with 70% ethanol and replaced the gauze pad 

between trials.   

Audiogenic Seizures.  We modeled our audiogenic seizure experiments after those described in a 

previous study (Michalon et al., 2012).  We tested P70-P100 mice that were backcrossed 6-7 

generations onto the 129S2/SvPasCrl background to enhance the penetrance of audiogenic seizure 

phenotypes.  Following 1 minute of habituation to the behavioral chamber, we exposed mice to 30 

seconds of loud sound (~125 dB) emitted by two simultaneously triggered personal alarm sirens (49-

1010, RadioShack, Fort Worth, TX).  We video-recorded each session and scored seizure severity 

blind to genotype.   

 

qRT-PCR  

For quantitative reverse transcriptase polymerase chain reaction (qRT–PCR) analysis, we extracted 

total RNA from the neocortices of ~P60 mice using Invitrogen TRIzol reagent (Life Technologies, 

Grand Island, NY).  We then performed first strand cDNA synthesis on 500 ng–2 µg total RNA per 

sample using Invitrogen Superscript III reverse transcriptase (Life Technologies) primed with random 

hexamers.  We used Invitrogen SYBR green (Life Technologies) for all qPCR reactions, which were 

run on a Rotorgene 3000 (Corbett Research, Sydney, Australia).  We generated standard curves 

and Ct values using Rotorgene analysis software version 6.0, and we determined expression 

of Ube3a after normalization of each complementary DNA sample to expression levels of the 



14 
 

housekeeping gene Rpl22.  Primers were as follows: Ube3a F (5′-

CAAAAGGTGCATCTAACAACTCA-3′), Ube3a R (5′-GGGGAATAATCCTCACTCTCTC-3′), Rpl22 F 

(5′- AAGAAGCAGGTTTTGAAG-3′), and Rpl22 R (5′-TGAAGTGACAGTGATCTTG-3′).   

 

Western Blotting 

We anesthetized mice with sodium pentobarbital (40 mg/kg i.p.) prior to decapitation and brain 

removal.  We then rapidly dissected the neocortical hemispheres in ice-cold PBS, snap-froze them 

with liquid nitrogen, and stored them at -80°C.  Using a glass tissue homogenizer (Wheaton, Millville, 

NJ), we homogenized frozen tissue samples with ice-cold RIPA buffer (50 mM Tris pH 8.0, 150 mM 

NaCl, 1% triton x-100, 0.1% SDS, 0.5% Na Deoxycholate) supplemented with 2 mM EDTA and a 

protease inhibitor cocktail (Sigma, Saint Louis, MO).  We cleared homogenates via 16,000 x g 

centrifugation for 20 minutes at 4°C and we determined protein concentrations of the supernatants 

using the BCA assay (Thermo Scientific, Waltham, MA).  Next, we resolved protein samples (30 μg 

per lane) by SDS-PAGE and transferred them to nitrocellulose membranes.   We blocked membranes 

for 1 hour at room temperature in Odyssey blocking buffer (Li-COR, Lincoln, NE) prior to incubation 

overnight at 4°C with primary antibodies diluted in a 1:1 solution of blocking buffer and Tris-buffered 

saline containing 0.1% Tween-20 (TBST).  We used the following primary antibodies: 1:1,000 mouse 

anti-UBE3A (Sigma-Aldrich Cat# E8655, RRID:AB_261956) and 1:5,000 mouse anti-GAPDH 

(Millipore Cat# MAB374, RRID:AB_2107445).  We subsequently washed membranes with TBST prior 

to incubation for 1 hour at room temperature with donkey anti-mouse 800CW (LI-COR Biosciences 

Cat# 926-32212, RRID:AB_621847) diluted 1:10,000 in the same diluent as the primary antibodies.  

Finally, we repeatedly washed blots in TBST followed by TBS alone prior to imaging with the Odyssey 

imaging system (LI-COR). 
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Immunohistochemistry 

For Light Microscopy.  We anesthetized mice with sodium pentobarbital (40 mg/kg) prior to 

transcardial perfusion with phosphate-buffered saline (PBS), immediately followed by phosphate-

buffered 4% paraformaldehyde (pH 7.3).  We removed perfused brains from their skulls and postfixed 

them overnight at 4°C prior to sequential 12-hour incubations in 10%, 20%, and 30% sucrose in PBS 

(pH 7.5) for cryoprotection.  We then froze cryoprotected brains on dry ice and cut them into 40 µm-

thick sections with a sliding microtome (Thermo Scientific).  We stored sections at -20°C in a 

cryopreservative solution (by volume: 45% PBS, 30% ethylene glycol, 25% glycerol) until free-floating 

immunohistochemical processing.  

    For immunofluorescent staining, we rinsed sections several times in PBS before blocking in 

PBS plus 5% normal goat serum and 0.2% Triton-X-100 (NGST) for 1 hour at room temperature.  We 

subsequently incubated blocked tissue sections in primary antibodies diluted in NGST for 48 hours at 

4°C.  We then rinsed them several times in PBS containing 0.2% Triton-X-100 (PBST) before 

incubation in secondary antibodies (also diluted in NGST) for 1 hour at room temperature.  Primary 

antibodies used: 1:1,000 mouse anti-UBE3A (Sigma-Aldrich Cat# SAB1404508, 

RRID:AB_10740376), 1:500 mouse anti-NeuN (Millipore Cat# MAB377, RRID:AB_10048713), 

1:2,000 mouse anti-parvalbumin (235, Swant, Marly, Switzerland), 1:500 rabbit anti-parvalbumin (PV-

25, Swant), 1:1,000 rabbit anti-calretinin (7699/4, Swant), 1:500 rat anti-somatostatin (Millipore Cat# 

MAB354, RRID:AB_2255365), 1:1,000 rabbit anti-somatostatin (Bachem Cat# T-4103.0050, 

RRID:AB_518614), and 1:500 rabbit anti-Cux1 (Santa Cruz Biotechnology Cat# sc-13024, 

RRID:AB_2261231).  We used secondary antibodies (Thermo Fisher Scientific) at a 1:500 dilution, 

including Alexa-488 goat anti-mouse IgG2a (Cat# A21131, RRID:AB_10562578), Alexa-647 goat anti-

mouse IgG1 (Cat# A21240, RRID:AB_10565021), Alexa-568 goat anti-mouse IgG1 (Cat# A21124, 

RRID:AB_10562737), Alexa-633 goat anti-mouse IgG (Cat# A21052, RRID:AB_10584496), Alexa-

488 goat anti-rabbit IgG (Cat# A11008, RRID:AB_10563748), Alexa-568 goat anti-rabbit IgG (Cat# 
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A11011, RRID:AB_10584650), Alexa-633 goat anti-rabbit IgG (Cat# A21070, RRID:AB_10562894), 

and Alexa-568 goat anti-rat IgG (Cat# A11077, RRID:AB_10562719).  We stained all brain sections 

compared within figures in the same experiment, under identical conditions.   

For Electron Microscopy.  We anesthetized mice with sodium pentobarbital (40 mg/kg) prior to 

transcardial perfusion with 0.9% saline solution for 1 min, followed by a mixture of depolymerized 2% 

paraformaldehyde and 2% glutaraldehyde (Electron Microscopy Science, Hatfield, PA) in 0.1 M 

phosphate buffer, pH 6.8.  We then postfixed brains overnight in the same fixative before preparing 

50 μm-thick sections on a vibratome.  Next, we incubated vibratome sections in 1% osmium tetroxide 

in 0.1 M phosphate buffer (pH 6.8), followed by rinsing in 0.1 M maleate buffer (pH 6.0), before 

incubation in 1% uranyl acetate in maleate.  We then dehydrated the sections in ethanol, infiltrated 

them with Spurr resin, and flat-embedded them between sheets of ACLAR plastic to create wafers, 

which we heat-polymerized.  We cut chips of tissue from the wafers and glued them to plastic blocks 

to support the cutting of ~70 nm-thick sections, which we collected on copper mesh grids and 

poststained with uranyl acetate and Sato’s lead. 

We performed postembedding immunocytochemistry as previously described (Phend et al., 

1992).  Briefly, we pre-treated grids by incubating them at 60°C in 0.01M citrate buffer (pH 6.0) for 15 

mins before blocking with 1% bovine serum albumin in Tris-buffered saline with 0.005% Tergitol NP-

10 (TBSN, pH 7.6).  We then incubated the grids overnight at 21–24 °C in rabbit anti-GABA antibody 

(Sigma-Aldrich Cat# A2052, RRID:AB_477652), diluted 1:100,000.  Grids were rinsed, blocked in 1% 

normal goat serum in TBSN (pH 8.2), and incubated for 2 hours in goat anti-rabbit antibodies 

conjugated to 20 nm gold particles (EM.GAR20, BBI Solutions, Madison, WI).  Finally, we rinsed the 

stained grids and then counterstained them with 1% uranyl acetate followed by Sato's lead.   
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Imaging and Figure Production 

We acquired images of immunofluorescently stained brain sections with a Zeiss LSM 710 confocal 

microscope equipped with ZEN imaging Software (Zeiss, Jena, Germany, RRID:SCR_013672).  We 

collected images compared within figures during the same imaging session using identical acquisition 

parameters.  We collected all electron micrographs with a Tecnai electron microscope (Phillips, 

Andover, MA) at 80 KV.  Occasionally, images were linearly adjusted for brightness and contrast 

using Image J software (RRID:SCR_003070) (Schneider et al., 2012).  All images to be quantitatively 

compared underwent identical manipulations.  We prepared all figures using Adobe Illustrator 

software (Adobe Systems Inc., San Jose, CA, RRID:SCR_010279).    

 

Quantification of Neuron Density and Cre Recombination Efficiency 

We acquired all images to be analyzed for interneuron density or Cre recombination efficiency using 

thin (1.4 m-thick) optical sectioning.  We quantified PV+, CRT+, and SOM+ interneuron density from 5 

strips (500 m-wide) of primary visual cortex per mouse imaged at ~P80.  We determined the 

efficiency of AAV-Cre-mediated deletion of maternal Ube3a by analyzing UBE3A colocalization in 

tdTomato+ cells from 800 m-wide strips of primary visual cortex imaged from P12 mice.  We 

analyzed a total of 246 tdTomato+ cells from Ube3am+/p+ mice (5 images) and 337 tdTomato+ cells 

from Ube3aFLOX/p+ mice (10 images).     

 

Statistical Analyses 

Composition of experimental “Control” groups:   

Figures S3, S4, and S7: Ube3am+/p+ and Ube3am+/p+::Nestin-Cre.   

Figures 1, 4D, 5C, 5D, 6B, 7A, S2, and S8A-C: Ube3am+/p+, Ube3aFLOX/p+, and 

Ube3am+/p+::Gad2-Cre.  

Figures 3E-G, and 4C: Ube3am+/p+, Ube3aFLOX/p+, and Ube3am+/p+::NEX-Cre.   
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Figures 2, 5B, 6C, 7B, S5, and S8D-F: Ube3am+/p+ and Ube3am+/p+::Gad2-Cre. 

Figure 3C: Ube3am+/p+ and Ube3am+/p+::NEX-Cre.  

Statistical analyses by experiment:  

Interneuron density: 2-way ANOVA with Sidak’s (Figure S2A) or Tukey’s (Figure S4A) post-

hoc test. 

AAV-Cre-mediated recombination efficiency: Unpaired, 2-tailed student’s t-test (Figure S6A4).    

mIPSCs and mEPSCs: 1-way ANOVA with Tukey’s post-hoc test (Figures S4B, S4C, and 

S5A-C) and unpaired, 2-tailed student’s t-test (Figures 1C, 3F, and S2B).  

Paired-pulse: Kruskal-Wallis test (Figure S4E), 1-way ANOVA with Tukey’s post-hoc test 

(Figure S5D) and unpaired, 2-tailed student’s t-test (Figure S2C).   

Input-output: 2-way repeated measures ANOVA with either Tukey’s (Figures 2C, 3C, S4D and 

S6B) or Sidak’s (Figures 1D and 3E) post-hoc test.   

Recovery from high-frequency synaptic depletion: 1-way ANOVA with Tukey’s post-hoc test 

(Figures 2D, S4F, and S5E) or unpaired, 2-tailed student’s t-test (Figure 1E), each comparing 

the last 108 seconds of the recovery phase.  

Flurothyl-induced seizures: Unpaired, 2-tailed student’s t-test (Figure 4C and 4D1-D2).    

Flurothyl survival: Log-rank (Mantel-Cox) test (Figure 4D3).  

Post-weaning lethality: Chi-square test (Figure 5D). 

Audiogenic seizures: Chi-square test (Figure 5B and 5C).  

LFP spectral power: Unpaired, 2-tailed student’s t-test (Figure 6B3) or 1-way ANOVA with 

Tukey’s post-hoc test (Figure 6C3) of delta power band.  

Ultrastructural analyses of presynaptic terminals: Unpaired, 2-tailed student’s t-test (Figures 

7A3-A5 and S8A-C) or 1-way ANOVA with Tukey’s post-hoc test (Figures 7B4-B6, S7B-D, and 

S8D-F).  
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