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Wallace ML, van Woerden GM, Elgersma Y, Smith SL, Phil-
pot BD. Ube3a loss increases excitability and blunts orientation
tuning in the visual cortex of Angelman syndrome model mice. J
Neurophysiol 118: 634—646, 2017. First published May 3, 2017;
doi:10.1152/jn.00618.2016.—Angelman syndrome (AS) is a neuro-
developmental disorder caused by loss of the maternally inherited
allele of UBE3A. Ube3a’"°""™" mice recapitulate major features of
AS in humans and allow conditional reinstatement of maternal Ube3a
with the expression of Cre recombinase. We have recently shown that
AS model mice exhibit reduced inhibitory drive onto layer (L)2/3
pyramidal neurons of visual cortex, which contributes to a synaptic
excitatory/inhibitory imbalance. However, it remains unclear how this
loss of inhibitory drive affects neural circuits in vivo. Here we
examined visual cortical response properties in individual neurons to
explore the consequences of Ube3a loss on intact cortical circuits and
processing. Using in vivo patch-clamp electrophysiology, we mea-
sured the visually evoked responses to square-wave drifting gratings
in L2/3 regular-spiking (RS) neurons in control mice, Ube3a-deficient
mice, and mice in which Ube3a was conditionally reinstated in
GABAergic neurons. We found that Ube3a-deficient mice exhibited
enhanced pyramidal neuron excitability in vivo as well as weaker
orientation tuning. These observations are the first to show alterations
in cortical computation in an AS model, and they suggest a basis for
cortical dysfunction in AS.

NEW & NOTEWORTHY Angelman syndrome (AS) is a severe
neurodevelopmental disorder caused by the loss of the gene UBE3A.
Using electrophysiological recording in vivo, we describe visual
cortical dysfunctions in a mouse model of AS. Aberrant cellular
properties in AS model mice could be improved by reinstating Ube3a
in inhibitory neurons. These findings suggest that inhibitory neurons
play a substantial role in the pathogenesis of AS.

Angelman syndrome; autism; Ube3a; visual cortex

ANGELMAN SYNDROME (AS) is a severe neurodevelopmental
disorder characterized by cognitive disability, seizures, ab-
sence of speech, and high comorbidity with autism (Williams
et al. 2006). The paternally inherited allele of UBE3A is
epigenetically silenced in neurons. Therefore maternal dele-
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tions of the 15ql11-ql3 chromosomal regions or mutations
specific to the UBE3A gene, which lies within that region,
cause loss of neuronal UBE3A and result in AS (Kishino et al.
1997). A mouse model of AS, harboring a Ube3a null allele on
the maternally inherited chromosome (Ube3a™ ™), recapitu-
lates the major phenotypes seen in AS including ataxia, mi-
crocephaly, seizures, and cognitive disabilities (Jiang et al.
1998).

Layer (L)2/3 pyramidal neurons in visual cortex of Ube3a
mice have reduced inhibitory drive, which contributes to an
excitatory/inhibitory imbalance (Wallace et al. 2012). Loss of
inhibition is cell type specific, as pyramidal neurons, but not
fast-spiking inhibitory interneurons, have reduced inhibitory
inputs. Pyramidal neurons in Ube3a™ """ mice also display
increased intrinsic excitability, responding with more action
potentials to a given depolarizing current injection (Wallace et
al. 2012). Deficits in synaptic inhibition and cellular excitabil-
ity may underlie cognitive disabilities in Ube3a™ 7" mice,
given that balanced excitation and inhibition are crucial for
many stages of sensory processing, circuit excitability, and
neural computation (Isaacson and Scanziani 2011). Impor-
tantly, investigation of visual cortical plasticity in vivo has
demonstrated that loss of Ube3a severely blunts ocular-domi-
nance plasticity, a form of plasticity that is disrupted by
changes in inhibition (Hensch et al. 1998; Sato and Stryker
2010; Yashiro et al. 2009). However, it remains unknown
whether Ube3a loss disrupts cortical computations such as
orientation tuning or intrinsic excitability in vivo.

An intensively studied computation performed by the visual
cortex is orientation tuning, which is the preferential response
of a neuron to bar-shaped visual stimuli presented at a partic-
ular angle (Hubel and Wiesel 1962). Orientation tuning largely
emerges through specific circuitry in visual cortex (Hubel and
Wiesel 1961; Lien and Scanziani 2013). Additionally, contrast
sensitivity is a property of visual cortical neurons where
responses increase nonlinearly with increasing luminance con-
trast (Albrecht and Hamilton 1982). Optogenetic modulation of
local inhibitory neuron populations in cortex can alter orienta-
tion tuning and contrast sensitivity, indicating the importance
of inhibitory drive to these visually evoked properties (Atallah
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et al. 2012; Lee et al. 2012; Wilson et al. 2012). Therefore, we
hypothesized that loss of inhibition in AS model mice may
result in defective orientation tuning and contrast sensitivity.

Here we describe the effects of Ube3a loss on visually
evoked responses, cellular excitability, and circuit excitability
(UP/DOWN states), using in vivo whole cell recordings. We
used a conditional Ube3a mouse line that restricts expression
of Ube3a to cells expressing Cre, which mediates excision of
a STOP cassette (Ube3a3T°"?™). This line exhibits behavioral
and synaptic phenotypes similar to the traditional Ube3a™ "™
mouse model of AS (Jiang et al. 1998; Judson et al. 2016;
Silva-Santos et al. 2015). We found that Ube3a loss has no
effect on the spontaneous activity of L2/3 regular-spiking (RS)
neurons or on the local neural network as assayed by exami-
nation of UP/DOWN states. However, loss of Ube3a decreases
the orientation tuning of L2/3 RS neurons without affecting
contrast sensitivity. We show that reinstating Ube3a in
GABAergic inhibitory neurons results in an intermediate effect
on orientation tuning, suggesting a role for Ube3a in inhibitory
interneurons and orientation tuning. Finally, increased excit-
ability of RS neurons in Ube3a®"?"" mice is rescued by
reinstating Ube3a in GABAergic inhibitory neurons. Together
these data identify a specific cortical processing deficit in an
AS model.

MATERIALS AND METHODS
Animals

All studies were conducted with protocols approved by the Uni-
versity of North Carolina Animal Care and Use Committee.
Ube3a®"°" mice were on the 129Sv/Pas background and generated by
the laboratory of Ype Elgersma (Silva-Santos et al. 2015). Gad2-Cre
mice (Taniguchi et al. 2011) on the C57BL/6J background were
obtained from the Jackson Laboratory (JAX no. 010802). All exper-
iments were performed on mice obtained by crossing a female
Ube3a™ 57" mouse [which has normal expression of Ube3a in the
brain (Silva-Santos et al. 2015)] with a male mouse heterozygous for
Gad2-Cre. This cross produced four offspring genotypes: Ube3a™ 7" +
Gad2-Cre mice (controls), Ube3aST°"?* mice (AS model mice), and
Ube3a’""”* ::Gad2-Cre mice (inhibitory neuron Ube3a reinstate-
ment model). Experimental trios were littermates on a mixed 129Sv/
Pas and C57BL/6J background, which had been backcrossed 2-6
generations onto C57BL/6J from the original 129Sv/Pas background.
Mice of both sexes were used at postnatal day (P)70-110 at equiva-
lent genotypic ratios and in strict compliance with animal protocols
approved by the Institutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill.

In Vivo Whole Cell Physiology

Mice were anesthetized with 5 mg/kg chlorprothixene followed by
0.9-1.2 g/kg urethane injected intraperitoneally (ip). Secretions were
reduced by administration of atropine (0.3 mg/kg ip). Mice were
stereotaxically secured after reaching a surgical plane of anesthesia
(~30 min), and then a uniform layer of water-based ophthalmic
ointment was applied to the cornea to prevent drying. A homeother-
mic blanket (FHC, Bowdoinham, ME) maintained the animal’s body
temperature within a physiological range (37 = 0.5°C). Incised tissue
was locally anesthetized with bupivacaine (0.25% wt/vol), and a
~1.5-mm? craniotomy was performed over primary visual cortex (2.5
mm lateral to midline, 0.5 mm anterior to lambda). A durotomy was
then made (~0.2 mm?) and covered with artificial cerebrospinal fluid
(in mM: 124 NaCl, 3 KCl, 1.25 NaH,PO,, 26 NaHCO;, 1 MgCl,, 2
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CaCl, and 20 glucose bubbled with 95% 0O,-5% CO, before applica-
tion) to prevent drying.

Whole cell recordings were made with the blind-patch method as
described previously (Margrie et al. 2002). Patch pipettes were pulled
from thick-walled borosilicate glass (P2000; Sutter Instruments, No-
vato, CA). Open tip resistances were between 5 and 8 M{) when
pipettes were filled with the internal solution containing (in mM) 135
K-gluconate, 6 KCI, 10 HEPES, 0.1 EGTA, 4 Mg-ATP, 3 Na-GTP, 8
Na-phosphocreatine, and 0.05% neurobiotin, with pH adjusted to 7.25
with 1 M KOH and osmolarity adjusted to ~295 mosM by addition of
sucrose. The micromanipulator (Luigs and Neumann, Germany) was
arranged for electrodes to penetrate the brain perpendicular to the
cortical surface, and depth measurements were made from the pial
surface to the recorded cell. All of the neurons included for analysis
were between 100 and 400 um from the pial surface. Current-clamp
recordings were performed with a Multiclamp 700A amplifier (Molecular
Devices), and data were acquired at 20 kHz and Bessel filtered at 10 kHz.
Series resistance was 39 = 1.3 (n = 42), 39 = 1.4 (n = 32), and
32 = 1.6 (n = 30) MQ for recordings in control, Ube3a’"®"7™, and
Ube3a®™°"?* :: Gad2-Cre mice, respectively. Data were discarded if
the series resistance changed >30% during the course of the record-
ing. Resting membrane potential was assessed immediately after
break-in, and membrane resistance was measured as the steady-state
membrane potential in response to a 50-pA hyperpolarizing current
step during a DOWN state. After break-in, we waited several minutes
to allow for synaptic activity (and UP/DOWN states) to return from
excess extracellular potassium before we conducted intrinsic excit-
ability experiments (Fig. 1). Reported voltages were not corrected for
junction potential. All analyses were performed in Clampfit 10.2 or
with custom routines written in MATLAB (MathWorks).

Visual Stimulation

Visual stimulus presentation was controlled by routines written in
MATLAB (MathWorks) with the Psychophysics Toolbox extensions
(Brainard 1997). Square-wave gratings (0.04 cycles/® at 2 Hz) were
displayed on an LCD screen (Dell; 33 X 27 cm, 75 Hz refresh rate,
mean luminance ~46 cd/m?) centered 20 cm from the animal’s eyes.
The screen was angled to stimulate the contralateral (left) eye for the
experiments, but the ipsilateral eye was not covered. Visual stimuli
were presented in a shuffled order. To acquire orientation tuning
curves, each of eight different orientations was presented at least six
times. The contrast-response curves were obtained by showing the
preferred orientation at eight contrast levels logarithmically spanning
the range from 1% to 100% contrast.

Data Analysis

Spontaneous activity. Spontaneous spiking rates and UP/DOWN
states were analyzed during presentation of a gray screen and calcu-
lated over a period of ~5 min. Only cells that had a clear bimodal
distribution of V, were used for analysis (68 of 102 cells passed this
criterion). For UP vs DOWN state detection, traces were low-pass
filtered at 3 Hz and the mean and standard deviation of the voltage
were calculated. UP state threshold was defined as the mean voltage
plus half the standard deviation of the voltage. UP states were detected
whenever the membrane potential crossed this defined threshold and
remained above the threshold for at least 150 ms (Beltramo et al.
2013; Gongalves et al. 2013). Periods not detected as UP states were
considered DOWN states. These parameters were empirically found
to detect UP and DOWN states accurately.

Spectral analysis. Recorded voltage signals were processed off-line
with custom-written scripts in MATLAB (MathWorks) (Sellers et al.
2013). Figures represent the average (= SE) of the median power for
each frequency for an entire recording session from a single neuron.
Time-dependent frequency content was determined by convolution of
voltage signals with a family of Morlet wavelets (0.5-100 Hz, step
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Fig. 1. Reinstatement of Ube3a in Gad2-Cre+ inhibitory neurons normalizes intrinsic excitability and membrane resistance in L2/3 RS neurons of Ube3a®"°"7*

mice. A: sagittal brain sections from control, Ube3a*"°"?*, and Ube3a®"®"?* ::Gad2-Cre mice immunostained for UBE3A. B: schematic of in vivo whole cell
recording configuration. C: sample image of a L2/3 pyramidal neuron that was recorded, filled with neurobiocytin, and stained post hoc. D: sample recordings
from L2/3 regular-spiking (RS) pyramidal neuron in response to increasing current injections (scale bar 40 mV, 100 ms). E: average frequency vs. current curves
from whole cell recordings in control (n = 42 cells), Ube3a’"°"?* (n = 34), and Ube3a’"°"?* :: Gad2-Cre (n = 31) mice. Note that all significance values
are post hoc comparisons between Ube3a*"®*P" group and either control (black asterisk) or Ube3a*"?"?™ ::Gad2-Cre (green asterisk) groups. F: membrane
resistance measured during a DOWN state in RS neurons from control (n = 39), Ube3a’""?" (n = 31), and Ube3a’"°""":: Gad2-Cre (n = 29) mice. G:
membrane potential during a DOWN state in L2/3 RS neurons from control (n = 42), Ube3a*"°"** (n = 32), and Ube3a’"°"?*:: Gad2-Cre (n = 30) mice.
H: depth from the pial surface of all RS cells recorded in L2/3 from control (n = 42), Ube3a’"?"?" (n = 31), and Ube3a"°"?* :: Gad2-Cre (n = 29) mice.

*P < 0.05, **P < 0.01 , ***P < 0.001 with post hoc test for significance.

width 0.5 Hz) with normalized amplitude, providing an optimal
trade-off between time and frequency uncertainty (Goupillaud et al.
1984; Sohal et al. 2009). Total power for each frequency band was
calculated by taking the median value across an epoch (i.e., UP state
or DOWN state) for the included frequencies (delta 0.5-4 Hz, theta
4.5-8 Hz, alpha 8.5-12 Hz, beta 12.5-29.5 Hz, gamma 30-80 Hz)
(Sellers et al. 2013). In Fig. 4, analysis of the delta frequency band
was limited to 2-4 Hz to avoid including edge artifacts from the
visual stimulation occurring for 1 s.

Visually evoked responses. The spiking visual response to a given
stimulus was the average rate over the stimulus duration (1 s). The
subthreshold (membrane potential) visual response to a given stimulus
was measured as the “Area” (V X s) during the stimulus duration. For
analysis of subthreshold responses, the “baseline” was calculated for
each neuron as the average membrane potential during a DOWN state,

and recordings were filtered at 100 Hz to remove spikes. The F1
(modulated) and FO (mean) components of the subthreshold response
were calculated as shown in Fig. 7A. Orientation selectivity index
(OSI) was calculated as (1 — the circular variance) (Ringach et al.
1997). Orientation selectivity was also examined with peak-to-orthog-
onal ratios (Fig. 6H) (R ;e = Rono)/(Rprer T Ropno)s Where Ry ¢ is
the response to the preferred direction and R, is the response 90°
away from the preferred direction. Direction selectivity index (DSI)
was calculated as (R,.o¢ — Rou)/(Ryer + Ryyy), where R, is the
response 180° away from the preferred direction (Niell and Stryker
2008). The responses to the eight grating directions were fit with a
sum of two Gaussians (Fig. 6). The Gaussians were centered 180°
apart and had the same tuning sharpness (o), but amplitudes for each
of the two Gaussians were varied to fit the data. The fitting routine
used a least-squares method to minimize the Cartesian distance
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between the model and the data (Carandini and Ferster 2000). To
examine only robustly tuned neurons, we calculated the normalized
(to the mean firing rate of the preferred direction) residuals of the fit.
We then applied a criterion of <0.125 normalized residual to all the
cells and reanalyzed the data (Fig. 6G) (Cottam et al. 2013). The
tuning sharpness, or half-width at half height (HWHH), was measu-
red as o X [2 In(2)]"%. Contrast-response curves were fit with a
hyperbolic ratio equation (Albrecht and Hamilton 1982): R(C) =
RiaxC/Csy + ") + R Where c is contrast, Cs, is the semisaturation
contrast, n is the fitting exponent that describes the shape of the curve,
R,..x determines the gain, and R, is the baseline response.

Immunohistochemistry

For a subset of recordings where the recorded neuron was recon-
structed, mice were killed by administration of pentobarbital (40
mg/kg) and subsequently intracardially perfused with ~80 ml of 4%
paraformaldehyde (0.1 M, pH 6.8). Brains were then postfixed for
24 h and sliced coronally at 100 wm. The slices were then permeabil-
ized in 1% Triton X for 12 h and incubated at 4°C for 12 h in Alexa
488-conjugated streptavidin (1:1,000), 5% normal goat serum, and
0.1% Triton X. For Fig. 1, sagittal sections were cut at 40—60 wm
and then washed in 0.1 M PBS, permeabilized in 0.2% Triton X, and
blocked in 5% normal goat serum. Primary antibody (mouse anti-
Ube3a, 1:750; Sigma) was incubated for 48 h at 4°C, and secondary
antibody (goat anti-mouse Alexa 488; A21131) was incubated at
1:500 for 1 h at room temperature. Sections were imaged on a Zeiss
LSM 710 confocal microscope.

Statistics

The D’Agostino and Pearson omnibus normality test was used to
assess normality of data sets. If data were normally distributed, we
used a one- or two-way analysis of variance (ANOVA) with a
Tukey’s post hoc test to test for significance if an overall significant
effect was found. If data were not normally distributed, we used the
Kruskal-Wallis test with Dunn’s post hoc test to test for significance.
The statistical measure and P value for each comparison are stated in
each figure legend. For sample sizes reported in figures, n represents
number of neurons recorded. One to four neurons were recorded per
animal. Graphs represent the mean, and error bars represent the SE.
For all figures significance values are post hoc comparisons. All
statistics were performed in GraphPad Prism 6.

RESULTS

Intrinsic Excitability of L2/3 Regular-Spiking Neurons
in Vivo

To examine the role of UBE3A in cortical neurons in vivo
we took advantage of Ube3a®’®"?" mice modeling AS. In
these mice, Ube3a can be conditionally reinstated by Cre-
mediated removal of a STOP cassette inserted between exons
3 and 4 of Ube3a (Silva-Santos et al. 2015). We used immu-
nocytochemistry to verify that UBE3A levels were high in
control mice with intact Ube3a (Ube3a™ P™ + Gad2-Cre) but
was absent in neurons of Ube3a’"?"?* mice (Fig. 1A). Ube3a
expression was effectively reinstated in forebrain inhibitory
interneurons, but not pyramidal neurons, in Ube3a’ 7" ::
Gad2-Cre mice. This is consistent with previous observations
that the Gad2-Cre line expresses Cre in almost all GABAergic
neurons from mid- to late embryonic development (Taniguchi
et al. 2011) and is also consistent with our previous studies in
this mouse line (Judson et al. 2016).

We performed in vivo whole cell recordings from anesthe-
tized mice to examine the contributions of UBE3A to intrinsic
excitability and visually evoked responses of L2/3 cortical
neurons in an intact cortical circuit (Fig. 1B). We chose to
record from L.2/3 neurons in the visual cortex as their responses
to visual stimulation are well characterized (Niell and Stryker
2008). Moreover, visual cortical deficits in synaptic function,
anatomy, and critical period plasticity have been identified in
AS model mice (Wallace et al. 2012; Yashiro et al. 2009).

L2/3 pyramidal neurons were identified by cortical depth
and by their regular spiking characterized by an adapting firing
pattern to depolarizing current injections (Fig. 1D). A subset
(n = 6 cells) of these neurons were filled with neurobiocytin,
stained post hoc, and found to exhibit pyramidal morphology
and spinous dendrites (Fig. 1C). All of the neurons included for
analysis were between 100 and 400 wm from the pial surface
(Fig. 1H). Given these parameters, it is likely that the vast
majority, if not all, of the neurons included in this study are
L2/3 pyramidal neurons, which are referred to here as regular-
spiking (RS) neurons.

Similar to in vitro results from Ube3a mice (Wallace et
al. 2012), we found that in vivo L2/3 RS neurons of
Ube3a®""P" mice had increased spiking activity following
current injection compared with control mice (Fig. 1, D and E).
Reinstatement of Ube3a in Gad2-Cre-positive (GABAergic)
neurons in Ube3a®"?"?" :: Gad2-Cre mice normalized intrin-
sic excitability to control levels (Fig. 1E), indicating that this
effect was non-cell-autonomous. Ube3a®"®"?* mice also
showed increased membrane resistance compared with control
mice, which was also normalized in Ube3aS"°P?* :: Gad2-Cre
mice (Fig. 1F). There were no apparent differences between
groups in resting membrane potential (Fig. 1G). Thus, the
increase in intrinsic excitability observed in Ube3a’"O"7*
mice is likely due to increased membrane resistance.

m—/p+

Spontaneous Cortical Network Activity and Spiking Activity
in Ube3a®"""P™* Mice

The cortex of anesthetized mice commonly exhibits a slow
(<1 Hz) network oscillation (Steriade et al. 1993), which
consists of rhythmic cycles of synaptically mediated depolar-
izations and spiking activity (UP states) followed by reduced
synaptic input and termination of spiking activity (DOWN
states) (Haider and McCormick 2009). The slow oscillation
requires balanced fluctuations of excitation and inhibition; thus
altered UP and DOWN states can indicate changes in excit-
ability of the local network (Sanchez-Vives and McCormick
2000; Shu et al. 2003). We hypothesized that UP and DOWN
states may be altered given the excitatory/inhibitory imbalance
we previously observed in vitro in AS model mice and that
such deficits have been observed in other models of neurode-
velopmental disorders (Gibson et al. 2008; Hays et al. 2011;
Paluszkiewicz et al. 2011).

We measured network oscillations and spiking activity in
L2/3 RS neurons during presentation of a gray screen as a
metric of spontaneous local network activity (Fig. 2, A and B).
Spiking activity was very low in L2/3 RS neurons (Fig. 2C),
consistent with previous reports (de Kock et al. 2007; Wolfe et
al. 2010). Average spontaneous firing rates did not differ
between experimental groups, and many (~50%) neurons did
not have appreciable spontaneous spiking events (Fig. 2C). We
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Fig. 2. Global Ube3a deletion does not affect spontaneous spiking rates and oscillatory activity in L2/3 RS neurons. A: schematic of recording configuration
during spontaneous activity (note that animal is presented with a gray screen stimulus). B: sample recording of a spontaneously active L2/3 RS neuron (fop) and
an example of automated detection of UP/DOWN states (bottom) (scale bars = 1 s, 25 mV). C: spontaneous spiking activity rates for all RS neurons recorded
in L2/3 of control (n = 41), Ube3a’"°"?* (n = 31), and Ube3a’"""" ::Gad2-Cre (n = 30) mice (note that points at “0.001/0” represent neurons that did not
exhibit spontaneous spiking activity during the recording session) (Kruskal-Wallis test, P = 0.315). D: standard deviation of the membrane voltage for all RS
neurons recorded in L2/3 for control (n = 28), Ube3a’"°"?™" (n = 19), and Ube3a’"""" ::Gad2-Cre (n = 21) mice (ANOVA, P = 0.59). E: UP state frequency
for control (n = 28), Ube3a’T%"?* (n = 19), and Ube3a*T°"?* ::Gad2-Cre (n = 21) mice (Kruskal-Wallis test, P = 0.446). F: UP state duration for control
(n = 28), Ube3a®"°"?* (n = 19), and Ube3a®"°""" ::Gad2-Cre (n = 21) mice (ANOVA, P = 0.161).

measured UP state frequency and duration, and they were not
different between groups (Fig. 2, E and F). The standard
deviation of the membrane voltage was also similar, indicating
that the voltage difference between UP and DOWN states was
similar between groups (Fig. 2D). These data suggest that,
despite an apparent excitatory/inhibitory imbalance in AS
model mice, spontaneous network activity and baseline firing
rates are not altered by the loss of Ube3a expression.

Spectral Analysis of Membrane Voltage During Spontaneous
Activity in Ube3a’"°"?" Mice

EEG/ECoG recordings of cortical network oscillations are
disrupted in AS individuals and model mice (Colas et al. 2005;
Jiang et al. 1998; Thibert et al. 2013). As membrane potential
fluctuations in single neurons reflect local network synchrony
and oscillations (Poulet and Petersen 2008), we performed a
spectral analysis of the membrane potential of L2/3 RS neurons
during presentation of a gray screen to determine whether we
could detect altered cortical oscillations in Ube3a®"?*?™ mice
(Fig. 3B). We observed no significant changes in delta (0.5-4
Hz), theta (4.5-8 Hz), alpha (8.5-12 Hz), beta (12.5-29.5 Hz),
or gamma (30-80 Hz) frequency bands in Ube3a®"°"?" mice
compared with control mice or Ube3a*""?™ :: Gad2-Cre mice
(Fig. 3C). As UP and DOWN states have different biases for
high- and low-frequency bands (Beltramo et al. 2013), we
performed a spectral analysis on the UP and DOWN states
separately in addition to the overall spectral analysis of

membrane potential (Fig. 3, D and E). Consistent with
previous reports, UP states carried more power in the
gamma bands than DOWN states; however, we did not find
any changes in spectral power between the experimental
groups for either UP states or DOWN states. Our data
suggest that, at least in anesthetized mice, cortical oscilla-
tions are normal in Ube3a’""”* mice.

Spectral Analysis of V,, During Visual Stimulation

The presentation of visual stimuli increases gamma (30—80
Hz) synchrony in visual cortex (Eckhorn et al. 1988). Addi-
tionally, activating cortical parvalbumin-positive GABAergic
neurons increases gamma band activity and improves behav-
ioral performance (Cardin et al. 2009). Disruptions in gamma
synchrony have been observed in many psychiatric disorders,
including autism (Orekhova et al. 2007). Therefore, we tested
whether increased gamma power induced by visual stimulation
was affected by loss of Ube3a (Fig. 4A). We measured the
spectral power preceding and during 1 s of visual stimulation
with drifting gratings and calculated the percent change in
power with visual stimulation at each frequency. Consistent
with previous reports (Eckhorn et al. 1988; Sellers et al. 2013),
we observed an increase in power in the gamma band with
visual stimulation; however, we observed no differences be-
tween experimental groups (Fig. 4, B and C). Therefore,
gamma oscillations induced by visual stimulation in anesthe-
tized mice are unaffected by Ube3a loss.
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Fig. 3. Spectral analysis of spontaneous UP/DOWN states in L2/3 RS neurons. A: schematic of recording configuration during spontaneous activity (note that
animal is presented with a gray screen stimulus). B: sample recording of a spontaneously active L2/3 RS neuron (top) and corresponding spectrogram (bottom)
(scale bar = 1's, 20 mV). C: average power spectrum of spontaneous activity of individual L2/3 RS neurons for control (n = 24), Ube3a*"°"?* (n = 19), and
Ube3as"""* ::Gad2-Cre (n = 18) mice. Frequency ranges are defined as delta (0.5—-4 Hz), theta (4.5—8 Hz), alpha (8.5-12 Hz), beta (12.5-29.5 Hz), and gamma
(30—80 Hz) (2-way ANOVA, P = 0.462). D: average power spectrum of UP states of individual L2/3 RS neurons for control (n = 24), Ube3a*"°""" (n =
19), and Ube3a’"°"?™ ::Gad2-Cre (n = 18) mice (2-way ANOVA, P = 0.58). E: average power spectrum of DOWN states of individual L2/3 RS neurons for
control (n = 24), Ube3a’"""™ (n = 19), and Ube3a®"°"?* ::Gad2-Cre (n = 18) mice (2-way ANOVA, P = 0.53).

Effects of Ube3a Loss on Contrast Sensitivity in L2/3
Regular-Spiking Neurons

Contrast sensitivity is a property of L2/3 RS neurons where
responses increase nonlinearly with increasing luminance con-
trast (Albrecht and Hamilton 1982). To examine whether the
loss of Ube3a altered contrast sensitivity, we performed whole
cell recordings while presenting mice with drifting gratings of
differing contrast shown at the neuron’s predetermined pre-
ferred orientation (Fig. 5A). Spiking contrast responses did not
differ between groups (Fig. 5, B—D). The same was true for
subthreshold contrast response (Fig. 5, E-G). In conclusion,
Ube3a loss does not affect the contrast response of L2/3 RS
neurons. This result confirms grossly normal function of visual
circuitry in Ube3a mice.

Effects of Ube3a Loss on Orientation Tuning in L2/3
Regular-Spiking Neurons

L2/3 RS neurons were recorded while drifting gratings were
presented in the visual field of the animal. There was no
difference in the average subthreshold response amplitude

(control, 28.9 = 1.6 mV; Ube3a’T°"?* 281+ 24 mV;
Ube3a®""?™ ::Gad2-Cre 31.2 =22 mV) or frequency of
spiking (Fig. 6C) of L2/3 neurons to the visual stimulus. First,
we compared tuning sharpness of spiking tuning curves (Fig.
6D). Neurons in Ube3a®"°"?* mice had significantly broader
tuning than in Ube3a*""?* ::Gad2-Cre mice (P < 0.05) and
showed a trend for broader tuning compared with control mice
(P = 0.16) (Fig. 6D). The OSI of spiking tuning curves was
significantly decreased in the Ube3a®"®"”* mice compared
with control mice (P < 0.05) (Fig. 6E). Ube3a’" """ ::Gad2-
Cre mice showed an intermediate effect in OSI that was not
statistically different from control mice or Ube3a’"®"7* mice
(P = 0.48 and 0.29, respectively) (Fig. 6E). To investigate the
OSI and tuning sharpness of robustly tuned neurons, we
examined robustness of the curve fit (sum of two Gaussians,
see MATERIALS AND METHODS) by calculating the normalized (to
the mean firing rate of the preferred direction) residuals of the
fit. We applied a criterion of <0.125 normalized residual to all
cells and analyzed neurons that passed this criterion (Fig. 6G)
(Cottam et al. 2013). Robustly tuned Ube3a"°P"* neurons
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Fig. 4. Spectral power changes induced with visual stimulation. A: sample recording of a L2/3 RS neuron during 1 s of visual stimulation (shaded region, top)
and corresponding spectrogram of recording (bottom). B: average change in power with visual stimulation at different frequency bands for control (n = 31),
Ube3a’™"?* (n = 26), and Ube3a’"°""* ::Gad2-Cre (n = 23) mice (2-way ANOVA, P = 0.542). Frequency ranges are defined as delta (2—4 Hz), theta (4.5-8
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31), Ube3a’""%* (n = 26), and Ube3a*"°"?*:: Gad2-Cre (n = 23) mice.

showed decreased OSI and increased tuning width compared
with control mice (P < 0.05) (Fig. 6, F and G). To examine
robustly responsive neurons more closely, we performed
ANOVA on the spiking responses to visual stimulation. Neu-
rons that did not show statistically distinguishable responsive-
ness to any particular orientation were excluded from subse-
quent analysis (Fig. 6H). Similarly to all neurons grouped
together, robustly responsive Ube3a®"?"?* neurons also
showed decreased OSI compared with control mice (P <
0.05)(Fig. 6H). As a final measure of orientation tuning we
calculated the preferred-to-orthogonal ratios for all cells and
compared the groups using this metric. Surprisingly, there were
no statistically significant differences between groups for this
measure of orientation tuning (Fig. 6/). However, trends re-
flected what we have observed with OSI (P = 0.15). Finally,
we calculated the DSI for the spiking responses, and this metric
was not measurably different between groups (Fig. 6J). To-
gether these data strongly suggest that Ube3a loss results in
weaker orientation tuning in L2/3 RS neurons that are robustly
responsive and tuned to orientation.

Subthreshold (i.e., membrane potential) responses recorded
in L2/3 RS neurons also showed orientation tuning, albeit less
sharply tuned than spiking responses (Fig. 7, D and E) (Smith
et al. 2013). In response to drifting gratings the membrane
potential will fluctuate in amplitude at the same temporal
frequency (2 Hz) of the stimulus (Fig. 7, A and B). The
difference between the peak and trough is the F/ (or frequency
modulated) component, whereas the mean membrane potential

during the stimulus is the FO component. The FI component
has been shown to be more highly tuned for orientation than
the “Area” or the FO measurement (Carandini and Ferster
2000; Lien and Scanziani 2013; Niell and Stryker 2008). To
determine whether cells in each group were “simple” or “com-
plex” we measured the F/-to-FO ratio at each neuron’s pre-
ferred orientation (FI/FOp. Fig. 7C). Neurons that have a
F1/F0 > 1 are typically considered “simple” cells and, sub-
threshold OSI measurements using F/ values are most appro-
priate (Carandini and Ferster 2000; Niell and Stryker 2008).
Almost all cells recorded had FI1/FOp,; values >1, and we
calculated the subthreshold OSI using either Area (Fig. 7D) or
F1 values (Fig. 7E) and compared between groups. Using F'/
values gave more highly tuned subthreshold OSI for all groups
compared with subthreshold OSI using Area, but the groups
were not statistically different with either measurement (Fig. 7,
D and E). Finally, we calculated the DSI for the subthreshold
responses (Area), and this measurement was not different
between groups (Fig. 7F).

Together, these data indicate that Ube3a loss broadens
orientation tuning of the spiking responses in L2/3 RS neurons
and has more subtle effects on subthreshold responses to
orientation.

DISCUSSION
This work represents the first in vivo investigation into

cellular excitability, orientation tuning, and contrast sensitivity
in an AS model mouse line. We found that individual L2/3 RS
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neurons had increased excitability in Ube3a®*"°"7" mice but

increased excitability caused by Ube3a loss did not translate
into increased activity of the local network as measured by
UP/DOWN states or spontaneous spiking. Surprisingly, in-
creased excitability in individual neurons was rescued by
reinstatement of Ube3a in GABAergic neurons, suggesting
that a homeostatic mechanism may underlie this phenotype. A
rearrangement in excitation-to-inhibition ratio that causes a net
decrease in spiking may result in increased intrinsic excitability
to normalize spiking rates (Nataraj et al. 2010). A decrease in
excitatory synapses occurs early in development in AS model
mice and may provide a period of decreased cortical spiking
that is then compensated for by the observed increase in
pyramidal neuron intrinsic excitability that fails to normalize in
adulthood (Fig. 1) (Yashiro et al. 2005). Accordingly, rein-
statement of Ube3a in GABAergic neurons may normalize
network spiking levels early in postnatal development and
prevent subsequent homeostatic rearrangements from occur-
ring. Alternatively, increased intrinsic excitability in pyramidal
neurons in the Ube3a®"®"7* mice may result directly from
decreased tonic (rather than phasic/evoked) inhibition leading
to increased membrane resistance. We previously showed that
Ube3a-deficient L2/3 pyramidal neurons have decreased tonic
inhibition (Judson et al. 2016). If decreased tonic inhibition
underlies increased intrinsic excitability, then we would predict
normal levels of tonic inhibition to be restored in the
Ube3a®"°"::Gad2-Cre mice.

We also measured membrane potential oscillations in active
(during visual stimulation) and inactive (in the absence of
visual stimulation) states by comparing power spectra between
genotypes (Figs. 3 and 4). Visual stimulation greatly increased
spectral power in the gamma band, but we did not observe
differences in spectral power between genotypes either during
baseline conditions or with visual stimulation. We were sur-
prised by this finding because both AS model mice and
individuals with AS have EEG abnormalities, particularly in
the delta band (Judson et al. 2016; Miura et al. 2002; Thibert
et al. 2013). As anesthesia significantly increases activity in the
delta band, we suspect that differences in delta band activity
were masked in our recordings in anesthetized mice (Pagliar-
dini et al. 2013). Therefore, it is possible that recordings in
awake animals may expose additional differences in network
excitability, especially since anesthetics have been shown to
alter inhibitory neuron function in the visual system (Haider et

al. 2013). Alternatively, it is possible that the enhanced delta
activity previously observed with EEG and LFP recordings
might manifest from activity in cell types other than L2/3 RS
neurons.

We examined two visual cortical response properties, orien-
tation selectivity and contrast sensitivity, in the AS model mice
at both the spiking and subthreshold levels (Figs. 5-7). We
found that both subthreshold and spiking responses to drifting
grating stimuli presented at different contrasts were similar
between genotypes. However, spiking responses to drifting
gratings of different orientations were more broadly tuned in
Ube3a’"°PP™ mice than in control mice. Furthermore, rein-
stating Ube3a in GABAergic neurons in Ube3a’"°"?* ::Gad2-
Cre mice partially ameliorated this phenotype, as tuning in-
dexes from Ube3a®""?*::Gad2-Cre mice were not statisti-
cally different from control mice. Subthreshold orientation
tuning curves in Ube3a®"®"?" mice also showed a trend for
having more broadly tuned responses; however, these changes
did not reach statistical significance in our sample size.

Previous studies have suggested that sensitivity to contrast
arises early in the visual system at the level of retinal ganglion
cells (Shapley 1990; Shapley and Victor 1978). Our negative
results with respect to contrast sensitivity suggest that the
function of visual circuits remains largely intact in AS model
mice at the retinal and thalamic stages. This is consistent with
our work and work from others demonstrating normal visual
acuity and retinotopy in AS model mice (Sato and Stryker
2010; Yashiro et al. 2009). Therefore, the orientation tuning
defects we observed in this study appear to be somewhat
specific in regard to visual system dysfunction in AS. Interest-
ingly, defects in orientation tuning were only observed in
spiking responses and not in subthreshold tuning curves. We
examined subthreshold tuning by measuring the area between
the membrane potential response and the average “DOWN”
state membrane potential as well as using the F/-to-FO0 ratio.
While OSI was increased with F1/F0O measurements compared
with area measurements, neither metric revealed a defect in
subthreshold orientation tuning that was statistically distin-
guishable. It is currently difficult to discern the mechanism
underlying broader orientation tuning in RS neurons in
Ube3a®™" mice. 1L.2/3 pyramidal neurons in Ube3a®"?" mice
do have decreased evoked inhibitory input (Judson et al. 2016),
and decreasing inhibition onto pyramidal neurons has been
shown to decrease orientation selectivity (Atallah et al. 2012;

Fig. 6. Broader orientation tuning in L2/3 regular spiking neurons of Ube3a

STOP/p+

mice. A: sample recording from a L2/3 RS neuron to drifting gratings of

different orientations. Blue shaded region indicates the zone representing the “Area” measurement or subthreshold synaptic response to visual stimulation (note
that this neuron did not show significant subthreshold '/ modulation) (scale bar 200 ms, 20 mV). B: sample tuning curves and spiking responses to visual stimuli
of different orientations (3 sample neurons per group) for control (left, black), Ube3a’""?* (center, red), and Ube3as"®"?* ::Gad2-Cre (right, green) mice.
Spiking responses are represented as mean = SE of at least 6 presentations of each orientation. Tuning curve for sample recording (A) is top rightmost curve
of the samples from the Ube3a®"®*#™ ::Gad2-Cre group. C: average tuning curves from control (n = 35), Ube3a’" "™ (n = 27), and Ube3a’"°"?* ::Gad2-Cre
(n = 27) mice. D: half-width at half-height (HWHH) measurements made from Gaussian fits of spiking orientation tuning curves from control (n = 35),
Ube3as™"?* (n = 27), and Ube3a’"°"?™::Gad2-Cre (n = 27) mice (Kruskal-Wallis test, P = 0.041). E: orientation selectivity index (OSI) measured from
spiking orientation tuning curves from all recorded cells in control (n = 35), Ube3a’"°""" (n = 27), and Ube3a"°"?* :: Gad2-Cre (n = 27) mice (ANOVA,
P = 0.026). F: HWHH measurements made from Gaussian fits of spiking orientation tuning curves for robustly tuned cells in control (n = 15), Ube3a’""¥*
(n = 10), and Ube3a’"?"?" ::Gad2-Cre (n = 8) mice (Kruskal-Wallis test, P = 0.044). G: OSI measured from spiking responses from cells that were well fit
by sum-of-two-Gaussian tuning curves [i.e., normalized residuals of the fit were <0.0125; control (n = 16), Ube3a®"®*?* (n = 10), and Ube3aS"°"?* ::Gad2-
Cre (n = 8), Kruskal-Wallis test, P = 0.031]. H: OSI measured from spiking orientation tuning curves from cells that robustly responded to at least 1 orientation
compared with all others [i.e., ANOVA post-hoc test must be P < 0.05; control (n = 22), Ube3a*"®"?* (n = 18), and Ube3a*"°"?™":: Gad2-Cre (n = 20),
ANOVA, P = 0.045]. I: preferred-to-orthogonal ratio from spiking orientation tuning curves from all recorded cells in control (n = 35), Ube3a*" """ (n =
27), and Ube3a’"°"?* :: Gad2-Cre (n = 27) mice (Kruskal-Wallis test, P = 0.151). J: direction selectivity index (DSI) measured from spiking orientation tuning
curves from all recorded cells in control (n = 35), Ube3a’"°"?* (n = 27), and Ube3a"°"?* ::Gad2-Cre (n = 27) mice (ANOVA, P = 0.294). *P < 0.05 with
post hoc test for significance.
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Fig. 7. Subthreshold orientation tuning is unchanged in Ube3a

mice. A: illustration of the measurements made for the subthreshold analysis of visual

responses. F0 is the mean subthreshold membrane potential, F/ is the difference between the peak and trough of the subthreshold membrane potential, and blue
shaded region corresponds to the Area (V X s) measurement. All measurements are made during presentation of the visual stimulus. B: sample recording from
a L2/3 RS neuron to drifting gratings in its preferred and orthogonal orientations. Blue shaded region indicates the zone representing the “Area” measurement
or subthreshold synaptic response to visual stimulation. The recordings are averages of 6 presentations of the same orientation and low-pass filtered at 100 Hz.
(note that this neuron had significant subthreshold /7 modulation to the preferred orientation) (scale bar 200 ms, 5 mV). C: histograms of subthreshold FI1/F0
measurements at the neuron’s preferred orientation (F1/F0p,,,). D: orientation selectivity index measured from subthreshold (Area) orientation tuning
curves from control (n = 42), Ube3a’"°"?" (n = 32), and Ube3aST°"?* ::Gad2-Cre (n = 30) mice (Kruskal-Wallis test, P = 0.774). E: orientation
selectivity index measured from subthreshold FI from control (n = 35), Ube3a’"°"?* (n = 27), and Ube3a’"%"?*::Gad2-Cre (n = 27) mice
(Kruskal-Wallis test, P = 0.85). F: direction selectivity index measured from subthreshold (Area) orientation tuning curves from control (n = 42),

Ube3aS™°PP™ (n = 32), and Ube3a’"%"?*::Gad2-Cre (n = 30) mice (ANOVA, P = 0.393).

Wilson et al. 2012). Interestingly, reinstating Ube3a in
GABAergic neurons in Ube3a’"®"::Gad2-Cre mice also re-
sults in an intermediate effect on evoked inhibition, indicating
that a lack of a robust “rescue” of orientation selectivity in
Ube3a®"°"::Gad2-Cre mice may reflect the intermediate effect
in evoked inhibition (Judson et al. 2016). Of course, there are
many other synaptic and circuit contributions to orientation
tuning that could be defective in Ube3a®"®” mice, such as the
tuning of thalamic input, changes in excitability, or receptive
field structure (Priebe and Ferster 2012).

Overall, this work demonstrates that maternal Ube3a loss
disrupts cortex-dependent computations. Specifically, excit-
ability is higher in L2/3 RS neurons in the visual cortex of AS
model mice in vivo, and orientation selectivity is weaker,
compared with control littermates. Surprisingly, our data indi-
cate that reinstatement of Ube3a in GABAergic neurons alone
results in normal excitability and orientation tuning. This is

congruent with recent findings demonstrating that reinstate-
ment of Ube3a in GABAergic neurons can also normalize
seizure susceptibility and elevated delta band EEG activity in
AS model mice (Judson et al. 2016). Together these studies
point to a critical role for Ube3a in GABAergic neurons in the
pathogenesis of AS and suggest that reinstatement of Ube3a in
GABAergic neurons may have a wide range of therapeutic
benefits.
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