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Introduction
Neurodevelopmental disorders (NDDs) are brain diseases caused by heterogenous genetic lesions that often 
generate overlapping clinical phenotypes, including intellectual disability, autism spectrum disorder (ASD), 
motor dysfunction, and epilepsy (1, 2). Such phenotypes emerge early postnatally and progress toward 
increased severity, pointing to defects of neuronal circuit maturation (3). Neuronal circuits mature during crit-
ical periods, beyond which it becomes difficult to modify them (4, 5). Delayed or faster closing of critical 
periods has long-lasting changes at the synaptic level (6–10). Genetic treatments represent an increasingly used 
strategy for NDDs, yet such approaches may not achieve a brain-wide spread of the drugs delivered. Thus, it is 
important to identify both the neuronal circuits that underlie the clinical phenotypes and their critical window 
for therapeutic intervention. Increasing evidence implicates basal ganglia (BG) dysfunction in many NDDs 
with specific importance for the motor phenotypes (11, 12). Here we focused on understanding the maturation 
profile of the striatum, the input segment of the BG, using our inducible mouse model of Angelman syndrome 
(AS), a severe NDD with strong ASD features and motor dysfunction (13).

Loss of neuronal ubiquitin protein ligase E3A (UBE3A) results in AS, a severe NDD characterized by intel-
lectual disability, absence of speech, gross and fine motor deficits, behavioral abnormalities, and often epilepsy 
(13). Clinical or genetic diagnosis of AS is typically provided after the first year, as the manifestation of impaired 
neurodevelopment is not immediately apparent (14). Assessment of global development shows that individuals 
with AS make slow gains up to approximately 12 years of age at about 1–2 months per year based on age-equiv-
alent scores (15), indicating impaired postnatal maturation of specific brain circuits (7, 16). Understanding the 
neuronal maturation process in AS may provide mechanistic insight into the disease pathophysiology and may 
guide us toward identifying the optimal time point for initiating gene-based therapies (17–19).

Impaired fine and gross motor dysfunction and lack of  speech are distinct clinical phenotypes in indi-
viduals with AS (15) and presented in the first description of  the syndrome by Harry Angelman (20). The 
precise neuronal circuits underlying these motor phenotypes is unknown. Studies in mouse models indicate 

Angelman syndrome (AS) is a severe neurodevelopmental disorder (NDD) caused by loss of 
functional ubiquitin protein ligase E3A (UBE3A). Previous studies showed that UBE3A plays 
an important role in the first postnatal weeks of mouse brain development, but its precise role 
is unknown. Since impaired striatal maturation has been implicated in several mouse models 
for NDDs, we studied the importance of UBE3A in striatal maturation. We used inducible 
Ube3a mouse models to investigate the maturation of medium spiny neurons (MSNs) from 
dorsomedial striatum. MSNs of mutant mice matured properly till postnatal day 15 (P15) but 
remained hyperexcitable with fewer excitatory synaptic events at later ages, indicative of stalled 
striatal maturation in Ube3a mice. Reinstatement of UBE3A expression at P21 fully restored 
MSN excitability but only partially restored synaptic transmission and the operant conditioning 
behavioral phenotype. Gene reinstatement at P70 failed to rescue both electrophysiological and 
behavioral phenotypes. In contrast, deletion of Ube3a after normal brain development did not result 
in these electrophysiological and behavioral phenotypes. This study emphasizes the role of UBE3A 
in striatal maturation and the importance of early postnatal reinstatement of UBE3A expression to 
obtain a full rescue of behavioral phenotypes associated with striatal function in AS.
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that a role of  the cerebellum in the motor deficits in AS mice is unlikely (21). Alternatively, the motor pheno-
types are potentially associated with BG dysfunction (22). BG is a region of  the brain that integrates sensory 
inputs with internal drives to generate purposeful motor action (23, 24). Further support for the involvement 
of  the BG comes from imaging studies showing that its gray matter and functional connectivity with the 
cortex and thalamus are decreased in individuals with AS (25, 26). Moreover, mouse models show deficits in 
the lever press (“operant conditioning”) task (27). This indicates that the dorsomedial striatum (DMS), the 
medial input segment of  BG, is dysfunctional in AS (28). Additionally, the medium spiny neurons (MSNs), 
the vast majority of  neurons in the striatum, show electrophysiological changes in mouse models of  AS (27). 
The striatum is divided into 3 functional territories: the DMS “cognitive” region, the dorsolateral striatum 
“motor” region, and the ventral “limbic” region incorporating the nucleus accumbens (29–31). AS mouse 
models point to differences between the striatal regions, regarding either dopamine levels or synaptic trans-
mission (27, 32, 33). Here we focused on the DMS for several reasons: 1) the DMS is involved in the early 
phases of  motor learning (involving multiple “cognitive” aspects) (34) and motor learning deficits, which are 
clearly present both in patients and in AS mouse models (35); 2) our previous data showed that neurons in 
layer 5 of  the prefrontal cortex (PFC) from AS mice have increased excitation-to-inhibition ratio (36, 37), 
and the activity of  layer 5 PFC pyramidal neurons affects the maturation of  MSNs from the DMS via their 
glutamatergic inputs onto MSNs (38); and 3) previous data showed changes in the electrophysiological prop-
erties of  MSNs from the DMS (27).

Here, we used whole-cell patch clamp recordings, to determine how lack of UBE3A affects the maturation 
of MSNs of the DMS during development. Additionally, we used the lever press task to validate previously 
identified deficits in operant learning of AS mice. Furthermore, using inducible Ube3a mice, we identified the 
critical window for rescuing the electrophysiological and the behavioral operant conditioning phenotypes.

Results
Absence of  UBE3A generates increased firing rates and decreased excitatory transmission in MSNs from mature DMS. 
To identify how absence of  UBE3A changes the electrophysiological properties of  MSNs, we performed 
whole-cell current clamp recordings from MSNs in striatal slices from adult (P110–P175) Ube3amStop/p+ (LSL) 
and Ube3am+/p+ wild-type (WT) littermates. Upon increasing depolarization current, we observed a significant 
left shift in the average firing frequency versus injected current (F-I) relationship between MSNs from LSL 
and WT mice (Figure 1, A and B), pointing to increased excitability in MSNs from LSL mice. The rheobase 
representing the minimum current that triggered at least 1 single action potential (AP) was significantly lower 
in LSL MSNs than WT (Figure 1, A and C). Values of  rheobase of  about 30% lower in LSL than WT were 
sufficient to trigger APs in LSL MSNs (Supplemental Table 1; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.166073DS1; P130).

Next, we asked whether the changes in rheobase reflected changes in active, passive, or both properties 
of  MSNs. To investigate the active properties that are dependent on voltage-gated ion channels, we focused 
on several parameters, including maximum firing rates, the F-I slope, and the AP firing threshold. We 
found no differences in any of  these parameters between LSL and WT mice, including the maximum firing 
rate (Figure 1D), F-I slope (Figure 1E), and AP firing threshold (Figure 1, I and J, and Supplemental Table 
2, P130). To investigate the passive properties, we analyzed the input resistance of  MSNs. In MSNs, the 
input resistance is mostly dependent on inwardly rectifying potassium channels (Kirs) at hyperpolarized 
potentials, while the leak potassium channels set the input resistance at depolarized potentials (39–41). 
We thus calculated the input resistance of  MSNs on both the hyperpolarized (Figure 1, F and G) and the 
depolarized (Figure 1, F and H) voltage responses to current injections. Note that for the same neuron, the 
hyperpolarizing voltages are smaller than the depolarizing ones, pointing to different ion channels for the 2 
domains. We found that input resistance was significantly larger in MSNs from LSL than WT mice for both 
the nonrectified (hyperpolarized) and rectified (depolarized) domains. In the depolarized domain the input 
resistance was more than 50% higher in LSL than WT mice (Supplemental Table 1), matching the rheobase 
difference mentioned above. In the hyperpolarized domain, the input resistance was only about 30% higher 
in LSL than WT mice (Supplemental Table 1). These data suggest that the increased firing rates observed 
in MSNs from LSL mice are likely due to an increased input resistance in these cells. Thus, upon similar 
depolarizing current injection into LSL and WT MSNs, the higher input resistance in LSL MSNs leads to 
higher voltage responses than WT, further triggering stronger activation of  sodium channels and increased 
number of  APs. To test if  the input resistance fully accounts for the increased firing rates, we next asked 
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whether equivalent neuronal depolarization between these WT and LSL mice also produced a difference in 
firing rate. We measured the membrane potential at 25 ms after depolarizing current injection and counted 
the number of  APs that followed this depolarization. We found that similar levels of  depolarization gener-
ated similar numbers of  APs in both WT and LSL MSNs (Supplemental Figure 1, A and B). These data are 
also in line with the lack of  differences in AP threshold of  MSNs from the 2 genotypes (Figure 1, I and J).

Next, we investigated whether absence of  UBE3A affects excitatory postsynaptic currents of  MSNs. 
We voltage-clamped the MSNs from DMS at –70 mV, to record spontaneous excitatory postsynaptic 
currents (sEPSCs) (Figure 1K). LSL mice had significantly lower sEPSCs frequency (Figure 1, K and M) 
without a change in amplitude (Figure 1, L and N). The sEPSC frequency was about 30% lower in LSL 
than WT mice (Figure 1, K and M, and Supplemental Table 1), but the sEPSC amplitude was similar 
between genotypes (Figure 1, L and N, WT: –14.83 ± 0.52 pA; LSL: –15.00 ± 0.41 pA). Because sEPSCs 
represent a mixture of  AP-mediated excitatory events and single synapse–mediated events (37, 42), we 
next investigated if  miniature EPSCs (mEPSCs) are also affected by the loss of  UBE3A proteins in MSNs. 
We voltage-clamped the MSNs at –70 mV in the presence of  tetrodotoxin to block AP-mediated gluta-
mate release (Supplemental Figure 1C). LSL mice had significantly lower mEPSC frequency (Supplemen-
tal Figure 1E, WT: 3.10 ± 0.27 Hz; LSL: 2.08 ± 0.17 Hz) without a change in amplitude (Supplemental 

Figure 1. Absence of UBE3A generates increased firing rates and decreased excitatory transmission in MSNs from mature DMS. (A) Representa-
tive firing pattern of MSNs (top) obtained with current injection (bottom); thick traces represent the response to rheobase current. (B) F-I curves, 
1-way repeated measures (RM) ANOVA (F1,49 = 7.90, P = 0.0005). (C) Rheobase, 2-tailed unpaired t test (t = 5.17 df = 47, P = 0.0001). (D) Maximum fir-
ing rate, 2-tailed unpaired t test (t = 0.66 df = 47, P = 0.52). (E) F-I slope, 2-tailed unpaired t test (t = 0.33 df = 47, P = 0.75). (F) Representative volt-
age responses of MSNs (top), obtained by 30 pA current increments between –100 pA and +140 pA (bottom). (G) Input resistance at hyperpolarized 
domain, 2-tailed unpaired t test (t = 3.16 df = 47, P = 0.0028). (H) Input resistance at depolarized domain, 2-tailed unpaired t test (t = 3.03 df = 47 
P = 0.0041). (I) Examples of single AP. (J) AP threshold, 2-tailed unpaired t test (t = 1.12 df = 47, P = 0.26). (K) Representative recordings of sEPSCs 
from MSNs. (L) Representative average sEPSCs. (M) sEPSC frequency, 2-tailed unpaired t test (t = 3.63 df = 39, P = 0.0008). (N) sEPSC amplitude, 
2-tailed unpaired t test (t = 0.17 df = 39, P = 0.87). Sample size (N = neurons/mice) for B–E and G–J: WT: N = 27/7; LSL: N = 21/5 and for M and N: WT: 
N = 20/7; LSL: N = 21/5. Data represented as dot plots (1 neuron) with mean ± SEM. **P ≤ 0.01, ***P ≤ 0.001. See also Supplemental Table 1.

https://doi.org/10.1172/jci.insight.166073
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd
https://insight.jci.org/articles/view/166073#sd


4

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(4):e166073  https://doi.org/10.1172/jci.insight.166073

Figure 1, D and F, WT: –13.58 ± 0.43 pA; LSL: –12.54 ± 0.46 pA). These data suggest that the changes in 
synaptic transmission may result from fewer functional synapses on MSNs from LSL mice.

Together, these findings indicate that absence of  UBE3A enhances the intrinsic excitability and 
decreases the frequency of  sEPSCs in MSNs from DMS, which from now on we will refer to as electro-
physiological phenotypes.

Absence of  UBE3A leads to a stalled striatal neurodevelopment. In rodents, the striatum matures during the 
first 4 weeks postnatal (43–45). To identify when the electrophysiological phenotypes emerge, we obtained 
a developmental profile of  the electrophysiological properties by performing whole-cell patch clamp exper-
iments from MSNs in the DMS between P15 and P175, in WT and LSL mice (Figures 2 and 3). For each 
electrophysiological parameter, we analyzed the data both by age groups (Figure 2) and by performing a 
regression analysis with curve fitting (see Methods, Supplemental Table 2, Figure 3, and Table 1) (46). The 
following age groups were analyzed: P15 (data collected at P15 only), P21 (data collected between P21 and 
P23), P35 (data collected between P34 and P40), P45 (data collected between P42 and P48), and P130 (data 
collected between P110 and P175).

The F-I relationship between MSNs from LSL and WT was similar at P15 but started to left shift at 
P21 and became significantly different at this time point (Figure 2, A and B). In line with the F-I left shift, 
the rheobase was significantly lower in MSNs from LSL than WT mice starting also from P21 (Figure 2C). 
Moreover, the rheobase values were differently affected by neurodevelopment in the LSL compared with 
WT (Figure 2C). Thus, the rheobase was similar between the LSL and WT mice at P15 and dropped by 
about 21% at P21, followed by a 28% drop at P35 and finally by a 34% drop at P45, remaining at similar 
values at P130 (see Supplemental Table 1). Next, we calculated the capacitance and input resistance (at both 
hyperpolarized and depolarized domains), because these properties strongly affect the firing rates of  neurons 
(39–41). As expected, the capacitance increased, while the input resistance decreased over time, and both 
parameters were significantly different in MSNs from LSL than WT mice starting with P21 (Figure 2, D–F). 
Thus, the capacitance remained about 12-20% lower starting at P21 (see Supplemental Table 1). The input 
resistance decreased over time in both domains, but starting from P21, it remained consistently higher in 
the MSNs from LSL than WT mice. Unlike the capacitance, the magnitude of  change in input resistance 
increased over time, especially in the depolarized domain, from about 27% at P21, to 50% at P35, 88% at 
P45,and 68% at P130 (see Supplemental Table 2).

In contrast to the passive properties, the F-I slope, maximum firing rate and AP threshold remained 
unchanged between genotypes (Supplemental Figure 2, A–C), though these measures changed over time 
(see Supplemental Table 2). These data suggest that the hyperexcitability phenotype is very likely the result 
of  changes in passive properties, including the decreased capacitance and increased membrane resistance.

To find when changes in synaptic transmission start to appear, we voltage-clamped MSNs at –70 mV 
to record sEPSCs (Figure 2G). Similar to the changes in excitability, the LSL mice had a significantly lower 
sEPSC frequency starting at P21 that increased over time (Figure 2H and Supplemental Table 1).

Collectively, these results show that at P15, MSNs of  both LSL and WT mice have similar electrophys-
iological phenotypes, and differences between genotypes emerge at P21.

Inverse function model indicates a slower development of  MSNs in the absence of  UBE3A. To obtain a better 
prediction of  the electrophysiological changes during development, we performed an exploratory regression 
analysis with curve fitting to identify the model that fit our data best using the IBM Statistical Package for the 
Social Sciences (SPSS) curve estimation function (46). Although multiple curves were found to significantly 
fit the data, the F values for each model (Supplemental Table 2) suggested that the best fit for the rheobase, 
capacitance, input resistance, and sEPSC frequency was an “inverse function” [F(postnatal day) = B*(1/post-
natal day) + Constant]. In contrast, the rest of  the parameters, including the F-I slope, maximum firing fre-
quency, and AP threshold, were not well fit by any of  the tested models (Supplemental Table 3).

We compared the inverse function [F(postnatal day) = B*(1/postnatal day) + Constant] fit for LSL versus 
WT (Figure 3) by obtaining the values of  B and Constant for rheobase, capacitance, input resistance (hyper-
polarized and depolarized), and sEPSC frequency (Table 1). The values of  the coefficients showed strong 
differences between LSL ad WT for most of  the tested parameters, pointing to an overall slower development 
of  LSL mice (values of  the B parameter) and lower “steady-state mature” (values of  the Constant) (Figure 3, 
A, C, E, G, and I, and Table 1). Next, we asked if  indeed the rate of  maturation is different between LSL 
and WT mice. To answer this question, we calculated the slope at specific postnatal days (P15, P21, P35, 
P45, P130) by calculating the first derivative for each parameter (Figure 3, B, D, E, H, and J, and Table 1). 
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For both genotypes the model predicted that the rheobase, a measure of  excitability, has the fastest increase 
at P15 and becomes gradually slower close to an asymptotic value at P130. Nevertheless, the slope of  the 
rheobase was slower in LSL than WT mice at all the postnatal time points (Figure 3B and Table 1). These 
values suggest that the MSN excitability in LSL mice is maturing slower than WT. In line with this idea, both 
the capacitance (Figure 3D and Table 1) and the input resistance in the depolarized domain (Figure 3H and 
Table 1) showed the fastest change at P15 for both genotypes, but the development was slower in LSL than 
WT mice. An exception to this pattern is the input resistance in the hyperpolarized domains, which developed 
at a similar speed between LSL and WT, even though the LSL mice had decreased overall levels of  input 
resistance at all ages (Figure 2, E and F, and Table 1). Similar to the excitability data, the sEPSC frequency, 
which is a measure of  the excitatory synaptic transmission, also showed reduced increase over time in LSL 

Figure 2. Absence of UBE3A leads to stalled striatal neurodevelopment. (A) Representative voltage responses at indicated postnatal days obtained with 
3 current injections: 1) hyperpolarizing (–100 pA), 2) subthreshold depolarizing (+50 pA), and 3) over-threshold depolarizing (+250 pA) currents showing 
changes of input resistance at hyperpolarized and depolarized domains, and of firing rates, respectively. (B) F-I curves, 1-way RM ANOVA (P15: F1,34 = 0.28, 
P = 1.00; P21: F1,50 = 2.36, P = 0.0005; P35: F1,34 = 2.70, P = 0.0005; P45: F1,50 = 4.65, P = 0.0005; P130: F1,49 = 7.90, P = 0.0005). (C) Rheobase, factorial ANOVA 
(F4,231 = 3.42, P = 0.01, see Supplemental Table 1). (D) Capacitance, factorial ANOVA (F4,231 = 1.73, P = 0.14), with age (F4,231 = 14.74, P = 0.0001) and genotype 
(F1,231 = 23.611, P = 0.0001). (See Supplemental Table 1.) (E and F) Input resistance at depolarized (E) and hyperpolarized (F) domains, factorial ANOVA (in E, 
F4,231 = 1.64, P = 0.165; and in F, F4,231 = 0.09, P = 0.984), with age (in E, F4,231 = 7.156, P = 0.0001; and in F, F4,231 = 48.188, P = 0.0001) and genotype (in E, F1,231 
= 10.363, P = 0.0001; and in F, F1,231 = 23.187, P = 0.0001). (See Supplemental Table 1.) (G) Representative recordings of sEPSCs at indicated postnatal days. 
(H) sEPSC frequency, factorial ANOVA (F4,205 = 2.87, P = 0.024). Sample size (N = neurons/mice) (P15: WT: N = 13/2; LSL: N = 13/2; P21: WT: N = 37/5; LSL: N 
= 38/5; P35: WT: N = 17/3; LSL: N = 13/2; P45: WT: N = 21/3; LSL: N = 26/4; P130: WT: N = 27/7; LSL: N = 21/5). Data represent mean ± SEM. *P ≤ 0.05, **P ≤ 
0.01, ***P ≤ 0.001, ****P ≤ 0.0001. See also Supplemental Table 1.
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Figure 3. Inverse function model indicates a slower development of MSNs in the absence of UBE3A. (A, C, E, G, and I) 
Inverse function [F(postnatal day) = B/postnatal day + constant] regression analysis on individual values for rheobase 
(A), capacitance (C), input resistance hyperpolarized (E) and depolarized (G), and sEPSC frequency (I) against postnatal 
days; the lines illustrate severe delay of the MSNs from LSL versus WT mice (see Table 1 for specific values of obtained 
parameters). (B, D, F, H, and J) Slope (first derivative of the inverse function) at different postnatal day (P15, P21, P35, 
P45, P130) illustrates that LSL have a slower developmental speed than WT for rheobase (B), capacitance (D), input 
resistance depolarized (H), and sEPSC frequency (J) but similar speed for input resistance hyperpolarized (F) (see Table 1 
for specific values). Data represented as dot plots (1 neuron).
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compared with WT. For all parameters the rate of  development was close to the asymptotic level (almost 0) 
in adulthood. This model suggests that the rate of  change for the majority of  the MSN electrophysiological 
parameters is the fastest between P15 and P21 for both genotypes, yet the LSL mice have an overall slower 
maturation than WT.

A critical window for reversal of  the striatal electrophysiological deficits. Next, we aimed to determine the 
critical window for rescuing the striatal function by reinstating UBE3A expression. We showed previously 
that the rotarod deficit, a motor learning task strongly dependent on striatal function (47), is fully rescued if  
UBE3A expression is reinstated at P21 but not at P70 (19). Here we observed that the electrophysiological 
phenotype emerged around P21 and stabilized around P45. Thus, we hypothesized that the electrophysio-
logical phenotype described above can be rescued at P21 but not at P70 Ube3a gene reinstatement. To test 
this hypothesis, we used our previously validated inducible AS mouse model Ube3amStop/p+-CreEsr1*+ (19, 37), 
in which UBE3A can be reinstated by tamoxifen-induced, Cre-mediated excision of  the transcriptional stop 
cassette in the Ube3a gene. We treated the mice with either tamoxifen (LSL-TAM) or vehicle (LSL-VEH) 
at P21 or P70 and performed electrophysiological recordings after P120 (Figure 4, A and H). UBE3A 
levels in the striatum were restored to 83% of  the WT levels in LSL-TAM mice upon TAM treatment in 
P21-treated pups and to 62% in P70 treated animals (Supplemental Figure 3B). The electrophysiological 
recordings showed that excitability was fully rescued at P21 reinstatement (Figure 4, A–G). In line with the 
significant interaction between genotypes (WT and LSL) and treatment revealed by factorial ANOVA, the 
F-I curves overlapped for the LSL-TAM and both WT-TAM and WT-VEH, while the LSL-VEH remained 
left shifted (Figure 4D). Rheobase and input resistance were both restored to WT levels in the LSL-TAM 
mice (Figure 4, E and F, and Supplemental Table 4). Synaptic transmission was only partially restored in 
LSL-TAM mice (Figure 4, C and G, and Supplemental Table 4). In contrast, P70 reinstatement failed to 
rescue both the excitability and the synaptic transmission phenotypes (Figure 4, H–N, and Supplemental 
Table 4). After P70 reinstatement, the F-I curves for the LSL-TAM mice overlapped with the LSL-VEH 
mice and were left shifted compared with WT-TAM and WT-VEH (Figure 4K and Supplemental Table 4). 

Table 1. Inverse function fitting of the developmental electrophysiological profile

Function F(postnatal day) = B/postnatal day + constant

Electrophysiological parameters

Rheobase Capacitance
Input 

resistance 
(hyperpol)

Input 
resistance 

(depol)
sEPSC 

Frequency

WT

Model  
summary

R 0.70 0.50 0.67 0.57 0.66
R2 0.50 0.25 0.45 0.33 0.44

Adjusted R2 0.49 0.24 0.45 0.32 0.43
Std. error of the estimate 64.37 21.88 21.93 179.37 1.21

Coefficients 
and statistics

Coefficients
B –3,143.51 –608.67 980.51 6,157.24 –52.38

Constant 331.53 123.64 25.21 116.40 4.91

Slope at 
postnatal day

15 14.00 2.71 –4.36 –27.37 0.23
21 7.13 1.38 –2.22 –13.96 0.12
35 2.57 0.50 –0.80 –5.03 0.04
45 1.55 0.30 –0.48 –3.04 0.03
130 0.19 0.04 –0.06 –0.36 0.00

LSL

Model  
summary

R 0.580 0.465 0.663 0.242 0.403
R2 0.336 0.216 0.439 0.058 0.163

Adjusted R2 0.329 0.208 0.433 0.048 0.153
Std. error of the estimate 52.124 17.933 23.451 251.447 1.014

Coefficients 
and statistics

Coefficients
B –1,883.53 –478.11 1,053.60 3,180.72 –22.67

Constant 236.70 108.09 35.35 330.94 3.21

Slope at 
postnatal day

15 8.37 2.12 –4.68 –14.14 0.10
21 4.27 1.08 –2.39 –7.21 0.05
35 1.54 0.39 –0.86 –2.60 0.02
45 0.93 0.24 –0.52 –1.57 0.01
130 0.11 0.03 –0.06 –0.19 0.00
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Additionally, the rheobase and input resistance failed to decrease (Figure 3, L and M), while the frequency 
of  sEPSCs failed to increase in LSL-TAM mice (Figure 4, J and N, and Supplemental Table 4).

Because our data pointed to a mature state of  MSNs around P45, we next aimed to determine whether 
UBE3A also plays a role in MSNs’ function after striatal development. For these experiments, we made use 
of  the previously validated Ube3amFlox/p+-CreEsr1*+ (Flox-Cre) mice in which the Ube3a gene is efficiently delet-
ed upon TAM injection (48, 49). We induced Ube3a gene deletion at P45 and performed the electrophysio-
logical experiments after P120 (Figure 4O). Loss of  UBE3A expression was properly achieved in striatum 
(Supplemental Figure 3, A and B) but had no significant effect on the excitability and synaptic transmission 
(Figure 4, O–U, and Supplemental Table 4). The F-I curves overlapped between all groups (Figure 4R). 
Additionally, the rheobase along with input resistance and sEPSC frequency were similar among all groups 
(Figure 4, Q–U, and Supplemental Table 4). These results indicate that loss of  UBE3A after P45 has no 
effect on electrophysiological phenotypes.

Lever press learning deficits are only partially rescued by P21 Ube3a gene reinstatement. The lever press task 
is a commonly used behavioral readout in rodents to investigate striatal function (50), and previous data 
showed that male AS mouse models have impaired initial learning in this task (27). We assessed the pres-
ence of  a lever press learning phenotype in LSL and WT male and female mice. For this task, the mice 
learn to associate 1 lever press with a sugar pellet over a period of  5 consecutive days. An increased number 
of  lever presses reflects better learning. Both male and female LSL mice performed significantly fewer lever 
presses (Figure 5, A and B), without any sex differences. The learning curve in the LSL mice was signifi-
cantly lower than WT littermate mice.

Next, we investigated the critical window to rescue the lever press learning deficits. We hypothesized that 
the electrophysiological critical window overlaps with the window for the lever press learning. To test this 
hypothesis, we reinstated the Ube3a gene either at P21 or P70 by injecting the LSL-Cre mice either with TAM 
or vehicle at these 2 time points (Figure 5C). Upon early, P21, UBE3A reinstatement, the LSL-TAM mouse 
learning curve only partially returned to the WT-TAM and WT-VEH levels (Figure 5D). Factorial ANOVA 
showed no significant interaction between genotype (WT, LSL) and treatment (VEH, TAM) but showed 
a significant effect of  genotype. Post hoc analysis revealed that LSL-VEH mice were significantly different 
from WT-VEH and WT-TAM, but not LSL-TAM, while LSL-TAM were not different from any groups 
(Figure 5D). Thus, P21 reinstatement led to a partial rescue of  the learning deficits in the lever press task. 

Table 2. Mouse line and group abbreviations

Mouse line Groups Abbreviation Maternal Ube3a gene 
expressed?

Figures

Ube3amStop/p+
Ube3am+/p+ WT Yes Figures 1–3; Figure 5, A and B; 

and Supplemental  
Figures 1 and 2

Ube3amStop/p+ LSL No

Ube3amStop/p+-CreEsr1*+

Ube3am+/p+-CreEsr1*+ treated 
with vehicle

WT-VEH Yes

Figure 4, A–N; Figure 5, C–E;  
and Supplemental  

Figure 3, A–C

Ube3am+/p+;=-CreEsr1* treated 
with tamoxifen

WT-TAM Yes

Ube3amStop/p+-CreEsr1*+ treated 
with vehicle

LSL-VEH No

Ube3amStop/p+-CreEsr1*+ treated 
with tamoxifen

LSL-TAM Yes (starting at time of 
injection)

Ube3amFlox/p+-CreEsr1*+

Ube3am+/p+-CreEsr1*+ treated 
with vehicle

WT-VEH Yes

Figure 4, O–U;  
Figure 5, C and F;  

and Supplemental  
Figure 3, A and D

Ube3am+/p+-CreEsr1*+ treated 
with tamoxifen

WT-TAM Yes

Ube3amFlox/p+-CreEsr1*+ treated 
with vehicle

Flox-VEH Yes

Ube3amFlox/p+-CreEsr1*+ treated 
with tamoxifen

Flox-TAM No (starting at time of 
injection)
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Figure 4. A critical window for rescuing the striatal electrophysiological deficits. (A, H, and O) Schematic of Ube3a gene reinstatement (A and H) or 
deletion (O) at indicated postnatal days and time point of electrophysiological recordings. (B, I, and P) Representative voltage responses from MSNs (top), 
obtained with hyperpolarizing (–100 pA) and depolarizing currents (350 pA) (bottom). (D, K, and R) F-I curves, 2-way RM ANOVA: (D) (F1,108 = 5.57, P = 0.02); 
post hoc Bonferroni’s: LSL-VEH against WT-VEH (P = 0.046), LSL-VEH against WT-TAM (P = 0.001), and LSL-VEH against LSL-TAM (P = 0.0001); (K) (F1,67 
= 1.89, P = 0.92), with genotype effect; post hoc Bonferroni’s: LSL-VEH against WT-VEH (P = 0.016), LSL-VEH against WT-TAM (P = 0.005), and LSL-VEH 
against LSL-TAM (P = 1); (R) (F1,69 = 0.038, P = 0.5). (E, L, and S) Rheobase, 2-way ANOVA and post hoc Bonferroni’s (Supplemental Table 4): (E) (F1,108 = 4.17, 
P = 0.044); (L) (F1,67 = 0.12, P = 0.76, with genotype effect; (S) (F1,69 = 0.59, P = 0.49). (F, M, and T) Input resistance, 2-way ANOVA and post hoc Bonferroni’s 
(Supplemental Table 4): (F) (F1,108 = 6.27, P = 0.014); (M) (F1,67 = 0.04, P = 0.83), with genotype effect; (T) (F1,69 = 1.99, P = 0.16). (C, J, and Q) Representative 
recordings of sEPSCs from MSNs obtained by clamping the neurons at −70 mV. (G, N, and U) sEPSC frequency, 2-way ANOVA and post hoc Bonferroni’s 
(Supplemental Table 4): (G) (F1,107 = 5.16, P = 0.026); (N) (F1,87 = 0.22, P = 0.63), with genotype effect in (U) (F1,69 = 0.22, P = 0.63). Sample size (N = neurons/
mice) (D–G) WT-VEH: N = 13/3; WT-TAM: N = 21/5; LSL-VEH, N = 33/5; LSL-TAM: N = 40/6); (K–N) WT-VEH: N = 17/5; WT-TAM: N = 15/3; LSL-VEH, N = 16/5; 
LSL-TAM: N = 17/5); (R–U) WT-VEH: N = 32/6; WT-TAM: N = 30/5; LSL-VEH, N = 22 /5; LSL-TAM: N = 24/6. Data represented as dot plots (1 neuron) with 
mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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However, with late reinstatement of  UBE3A expression, at P70, the learning deficits in LSL-TAM mice were 
not rescued. The learning curve in LSL-TAM and LSL-VEH overlapped and was lower than WT-TAM and 
WT-VEH (Figure 5E). Factorial ANOVA showed no significant interaction between genotype (WT, LSL) 
and treatment (VEH, TAM) but showed a significant effect of  genotype. Post hoc analysis revealed that LSL-
VEH and LSL-TAM were not significantly different from each other but were different from WT-VEH and 
WT-TAM (Figure 5E).

To investigate if  UBE3A is needed after P45 for the lever press learning task after brain development has 
taken place, we made use of  the Flox-Cre mice in which the Ube3a gene is deleted upon TAM injection. Flox-
Cre mice were injected with TAM or VEH at P45 and tested on the lever press test 11 weeks later (Figure 5C). 
Although the learning curve for WT-VEH was on average higher than the rest of  the groups, we found that 
loss of  UBE3A after P45 had no significant effect on the lever press learning.

Discussion
Here we used several Ube3a mouse models to identify striatal specific phenotypes, determine their devel-
opmental profile, and identify their critical windows for reversibility. We showed that absence of  UBE3A 
results in impaired striatal development characterized by increased excitability, higher input resistance, and 
lower excitatory transmission onto MSNs. The electrophysiological deficits emerge at P21, and their mag-
nitude increases during further development. Ube3a gene reinstatement at P21 fully rescues the increase 
in firing rates and input resistance but only partially rescues the excitatory synaptic transmission. These 
electrophysiological deficits are not rescued by P70 gene reinstatement, while they remain unaffected if  
deletion of  Ube3a gene is induced after normal brain development at P45. Additionally, we showed that the 
initial learning in the lever press task is only partially rescued by P21 reinstatement but unaffected if  the gene 
is deleted after normal brain development. Our electrophysiological findings are in line with other studies 
showing the maturation profile in rodent striatum. Moreover, we validated previously observed changes in 
striatal function as assessed by the lever press task. We further identified the critical therapeutic window in 
which treatment has to be initiated to prevent striatal dysfunction.

Adult Ube3a gene reinstatement in striatum resulted in approximately 62% of  protein level compared 
with WT. This is lower than what we obtained previously in the hippocampus and prefrontal cortex, where 
we observed a full reversal of  electrophysiological phenotypes (19, 37). Although this could indicate that 
UBE3A levels were not high enough to get a full rescue, we believe that the inability to reverse striatal deficits 
in adult mice is reflecting the limited reversal of  striatal deficits after the critical period of  striatal develop-
ment has taken place, rather than a lack of  sufficient UBE3A levels at the time of  testing. This is strongly 
supported by the notion that deletion of  Ube3a in adult mice (resulting in <10% of  UBE3A) does not affect 
striatal function. Moreover, mice exclusively expressing UBE3A-Iso3 at 70% of  total UBE3A levels also 
show no behavioral deficits (36).

It is well established that neuronal excitability and synaptic transmission are affected by loss of  UBE3A 
in different brain areas (reviewed by Rotaru et al., ref. 51), but few studies investigated when these deficits 
emerge. One study used whole-cell patch clamp to investigate the excitatory synaptic events in the visual cor-
tex of  AS mice at 3 time points during development: just before eye opening (P10), juvenile (P25), and adult 
(P100) (32). Similar to our findings, the authors found that at P10, the frequency of  the EPSCs was indistin-
guishable between WT and AS mice, while after P25 the frequency failed to develop normally and remained 
low for AS mice. A second study used intrinsic signal optical imaging at P20, P40, and P85, to investigate the 
development of  the visually evoked neuronal activity from the primary visual cortex to higher order visual 
areas in AS and WT controls, and showed that AS mice fail to develop normal responses (52). Here, we 
provided an extended developmental profile of  the striatal neurons and identified a specific time window, 
between P15 and P21, when UBE3A protein is crucial for striatal maturation.

Our previous data showed that the electrophysiological phenotypes of neurons in the PFC and hippocam-
pus from AS mice could be restored by adult reinstatement of Ube3a (19, 37). If  these results can be extrapolat-
ed to other cortical areas, this could indicate that the failure to rescue motor deficits in adult mice is not caused 
by a failure to correct neurons in the motor cortex. In contrast, the DMS, a subcortical area, is strongly affected 
by absence of UBE3A during early postnatal neurodevelopment, and failed to restore its function upon Ube3a 
gene reinstatement in adult mice. This suggests that these deficits of the DMS are potentially underlying some 
of previously described motor phenotypes in AS mice, such as rotarod learning (19) as well as operant condi-
tioning (27), and possibly dictate the critical period for rescue of these AS mouse behaviors.
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A scientific limitation of  our study is the use of  brain-wide mutants, rather than mutants in which 
Ube3a is specifically deleted in MSNs from the DMS only. Thus, the precise contribution of  the specific 
brain areas to the behavioral and electrophysiological phenotypes we described remains to be shown. A 
translational limitation of  our study is that it remains to be determined how the developmental window 
for striatal maturation, as assessed in this study, aligns with striatal development of  individuals with AS.

Striatal function in individuals with AS. The striatum is involved in motor learning, speech, emotional 
regulation, and cognitive function (53–60), phenotypes that are all negatively affected in individuals with 
AS (13). Therefore, it is conceivable that changes in this brain area may underlie at least some of  the major 
developmental deficits observed in patients with AS, an idea already proposed by several studies (25–27). 
The data we show here further support this hypothesis. First, one of  the major deficits in patients with AS 
is profound motor dysfunction (61). The electrical activities of  MSNs correlate with movement (34, 62, 63), 
and pathology within different BG circuits leads to movement disorders (12, 64, 65). AS mice also show 
readily observable motor deficits (51), and our previous data showed that such motor deficits are not arising 
from cerebellar deficits (21). Second, individuals with AS have a lack of  speech, and the striatum has been 
shown to be important for speech (66). Third, repetitive and stereotyped movements and other behavioral 
abnormalities are a prominent feature of  AS and commonly observed in ASDs in which the striatum is 
strongly involved (8, 67–70).

Figure 5. A critical window for rescuing lever press deficits. (A and B) Lever press rates during the fixed ration 1 (1 pellet rewarded for 1 lever press) phase, 
split on sexes (A), 2-way RM ANOVA, (F1, 50 = 0.10, P = 0.74) and combined (B) 1-way RM ANOVA (F1, 50 = 43.93, P < 0.001). (C) Schematic representation of 
Ube3a gene reinstatement (left, middle) or deletion (right) at indicated postnatal days and the time point of the lever press experiments. (D–F) Lever press 
rates, 2-way RM ANOVA: (D) (F1, 34 = 1.44, P = 0.24), with genotype effect (F1, 34 = 8.13, P = 0.007); post hoc Bonferroni’s: LSL-VEH against WT-VEH (P = 0.03), 
LSL-VEH against WT-TAM (P = 0.03), LSL-VEH against LSL-TAM (P = 0.6), LSL-TAM against WT-TAM (P = 1); (E) (F1, 40 = 0.008, P = 1), with genotype effect 
(F1, 40 = 19, P = 0.0001); post hoc Bonferroni’s: LSL-VEH against WT-VEH (P = 0.02), LSL-VEH against WT-TAM (P = 0.01), LSL-VEH against LSL-TAM (P = 1), 
LSL-TAM against WT-TAM (P = 0.03); (F) (F1, 54 = 2.23, P = 0.14), and no effect of the genotype (F1, 54 = 0.63, P = 0.43) or treatment (F1, 54 = 2.23, P = 0.143). 
Sample size (N = mice): in (A) WT males: N = 14 and females: N = 11, LSL males: N = 14 and females: N = 13, (B) LSL: N = 27, WT: N = 25, (D) WT-VEH: N = 10; 
WT-TAM: N = 10; LSL-VEH, N = 9; LSL-TAM: N = 10) (E) WT-VEH: N = 12; WT-TAM: N = 12; LSL-VEH, N = 10; LSL-TAM: N = 10); (F) WT-VEH: N = 16; WT-TAM: N = 
14; Flox-VEH, N = 13; Flox-TAM: N = 15). Data represent mean ± SEM. *P ≤ 0.05, ***P ≤ 0.001.
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Striatal neurodevelopment. In mice, striatal maturation takes place within the first 4 weeks postnatally 
and includes a decrease in input resistance of  MSNs, leading to a lower excitability, increased soma size, 
and increased spine density (44, 45). Our data from WT littermates are in line with such previous reports. 
We showed a gradual increase in MSNs’ excitability as the F-I curves showed a right shift with age, accom-
panied by decreased input resistance, likely due to an increase over age in the expression of  inwardly recti-
fying potassium channels (primarily Kir2.1 and Kir2.3) (41, 71, 72) and leak potassium channels (KCNK 
channels) (73). We also observed an increased capacitance with age, likely reflecting an increase in neuro-
nal size (74). Changes in synaptic transmission included an increase in sEPSCs, most likely resulting from 
an increase in the number of  excitatory synapses (45, 72). In LSL mice, all of  these parameters showed a 
strong delay and remained at an immature state.

Perturbing striatal activity as early as P7 has been shown to alter the MSNs’ properties, leading to 
significant changes in circuit maturation (38, 75, 76). Our data showed that the absence of  UBE3A caused 
the emergence of  electrophysiological phenotypes around P21, including changes in both excitability and 
excitatory synaptic transmission in the DMS. Nevertheless, already at P15 the speed of  development was 
decreased in LSL mice, suggesting that these electrophysiological phenotypes are most likely preceded 
by molecular changes dependent on UBE3A, which remain to be identified. Our data point to a lack of  
upregulation of  inwardly rectifying potassium channels (primarily Kir2) (41, 71, 72) and leak potassium 
channels (KCNK channels) (73), which likely translates into increased input resistance and thus increased 
excitability (72). During postnatal development of  the BG, the motor programs start to manifest, leading 
to activity-dependent synapse formation in the striatum (77–80), a process that involves specific patterns 
of  gene activity (43). Around P21 we also observed a lower frequency of  sEPSCs in LSL mice, which may 
reflect a lack of  synapse formation onto MSNs (81). MSNs from the DMS receive inputs from both PFC 
layer 5 pyramidal neurons and the thalamus (82). A recent study proposed that in AS mice only the thalam-
ic inputs onto MSNs are decreased (83). These data are in line with functional MRI studies in patients with 
AS, which point to a decreased thalamo-striatal functional connectivity (26).

In line with striatal dysfunction in AS mice, we also validate previously published findings that AS 
mouse models show robust deficits in operant conditioning such as the lever press task (27). Another motor 
task, strongly dependent on striatum, is the rotarod learning, which we also have shown previously to be 
impaired in LSL mice (19). Using our inducible LSL-Cre (19, 37) mouse model, we now show that there 
is no reversal of  the electrophysiological phenotypes when Ube3a is reinstated at P70, while the P21 rein-
statement restores the excitability entirely and the synaptic transmission partially. This period for the rescue 
of  the excitability in the MSNs aligns with the critical period for the rotarod behavioral tests, which is also 
limited to the first 21 days postnatally (19). However, the lever press task could only be reversed partially by 
P21 Ube3a gene reinstatement, suggesting that other electrophysiological changes, including excitatory syn-
aptic transmission along with other changes not identified here, may be responsible for this behavioral task.

The cause of  striatal electrophysiological phenotypes. The observed striatal electrophysiological phenotypes 
may arise exclusively from the loss of  UBE3A in MSNs, being thus independent of  the functional changes 
observed in other areas of  the brain (51). However, this scenario is very unlikely, since MSN maturation 
is (also) driven by its inputs. The initial establishment of  the cortico-striatal circuitry is a prerequisite for 
the proper functioning of  BG circuits and the behavior they control (62, 84). In a Shank3B–/– mice, it was 
shown that an increased excitatory drive from cortex into the striatum leads to faster maturation of  MSNs 
with consequences in adulthood, and rescuing the cortical hyperexcitability was sufficient to rescue the 
striatal maturation deficits (38). We showed previously that in AS mice, the PFC layer 5 pyramidal neu-
rons, which have outputs directly onto MSNs from the DMS, have an increased excitation-to-inhibition 
ratio (36, 37), potentially affecting the MSNs’ speed of  maturation. Yet, our data point to a stalled MSN 
development around P21, indicating a distinctly different mechanism causing striatal deficits compared 
with Shank3B–/– mice. A second factor contributing to the maturation of  the BG circuits are the local 
inhibitory connections between MSNs (75). We show that MSNs are hyperexcitable at P21 in LSL mice, 
which may increase the inhibitory transmission between themselves, leading to further changes to their 
own wiring. A third crucial factor for striatal maturation is dopaminergic transmission. Dopamine, via the 
PKA pathway, has significant effects on spinogenesis, the major site for excitatory synaptic transmission, 
during the second week postnatal (76). We and others have identified changes in dopaminergic transmis-
sion in different areas of  the striatum (33, 85–87). Moreover, recently, it was proposed that dopamine acts 
as a critical period signal in striatal maturation (72).
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The striatal deficits observed by us and others (27) in the mature striatum of  AS mice, may thus be 
the result of  deficits at any of  the 3 levels explained above or a combination of  them. To identify the 
critical brain regions involved in shaping striatal function as well as the related behavioral changes, future 
experiments should focus on deleting Ube3a during early (prenatal) brain development in cortical, striatal, 
or dopaminergic neurons. Our study indicates that combining these approaches with electrophysiological 
measurements, as well as behavioral testing (motor function, anxiety measures, and repetitive behavior), 
will allow us to further understand how neuronal changes lead to behavioral dysfunction. Such knowl-
edge is critical to identify therapies and to understand when during development these therapies should be 
administered to get optimal therapeutic benefit.

Methods

Experimental model details
For this study, we used 2 mutant Ube3a mouse lines: Ube3amStop/p+ (Ube3atm1Yelg; MGI:5704099) (19) and 
Ube3amFlox/p+ (Ube3atm1.1Bdph; MGI:5882092) (48, 49). The Ube3amFlox/p+ (Ube3atm1.1Bdph; MGI:5882092) mouse 
line was provided by the Philpot laboratory, the Department of  Cell Biology & Physiology, University of  
North Carolina at Chapel Hill (Chapel Hill, North Carolina, USA). The Ube3atm1Yelg line was maintained 
in the 129S2 background (129S2/SvPasCrl) by crossing male Ube3am+/pStop mice with female 129S2 WT 
mice. The Ube3atm1.1Bdph line was maintained in the C57BL/6J background (Charles River) by crossing male 
Ube3am+/pFlox mice with C57BL/6J WT females. The mouse lines do not show audiogenic seizures (35). 
Depending on the experiment (see below and in the results), mice were between the ages of  P15 and P180. 
For all the experiments, we used fairly equal percentages of  male and female mice in the F1 hybrid 129S2 
C57BL/6J background, as explained below. The experimental unit represented neurons for electrophysio-
logical recordings and animals for the behavioral experiments. Genotypes were blinded during the experi-
ment and the analysis of  the data.

To identify the electrophysiological phenotype and its neurodevelopmental profile (Figures 1–3 and Fig-
ure 4, A–N) and to test the lever press learning (Figure 5, A and B), we crossed female 129S2Ube3am+/pStop mice 
with WT C57BL/6J males (Charles River) to generate Ube3amStop/p+ (referred to as LSL) and their WT litter-
mate controls, Ube3am+/p+ (referred to as WT), in a 129B6F1 hybrid background. The mice in this group were 
between 15 and 180 days old, as further detailed in the results. To establish the critical window of the described 
phenotypes (Figure 4, A–N, and Figure 5, C–E) we crossed female 129S2Ube3am+/pStop with homozygous 
B6Tg(CAG-Cre/Esr1*)5Amc/J (MGI:2182767; The Jackson Laboratory) (88), to generate Ube3amStop/p+-CreEsr1*+ 
mice, whereupon TAM treatment at any time point, UBE3A levels are reliably restored, as previously shown 
(19, 37), and their WT littermate controls Ube3am+/p+-CreEsr1*+, in a 129B6F1 hybrid background. Both groups 
were treated with either TAM or oil (hereby referred to as LSL-TAM, LSL-VEH, WT-TAM, and WT-VEH, 
respectively). To test if  UBE3A is necessary after neurodevelopment (Figure 4, O–U, and Figure 5, C and F), 
we crossed female B6Ube3am+/pFlox mice with homozygous 129S2Tg(CAG-CRE/Esr1*)5Amc/J (MGI:2182767) 
male mice to generate Ube3amFlox/p+-CreEsr1*+, whereupon TAM treatment, UBE3A levels are reliably decreased 
to the levels expressed by the Ube3amStop/p+ mice (48, 49) and their WT littermate controls Ube3am+/p+-CreEsr1*+ 
in a 129B6F1 hybrid background. Both groups were treated with either TAM or oil (referred to as Flox-TAM 
and Flox-VEH, WT-TAM, or WT-VEH, respectively). For simplicity, we used an abbreviated nomenclature 
for the different genotypes and treatments used in this study (Table 2). The mice used in these experiments 
were between P70 and P180 as detailed in the results.

TAM (0.10 mg of  TAM/g of  body weight) or vehicle (oil) was delivered by intraperitoneal injections 
for 5 consecutive days as previously described (19, 37, 48, 49). TAM was diluted in sunflower oil at a con-
centration of  20 mg/mL.

Electrophysiology
Slices. Electrophysiological experiments were performed on animals between P15 and P180. Coronal stri-
atal slices of  300 μm were prepared in ice-cold, modified ACSF containing the following (in mM): 125 
NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 7 MgSO4, and 0.5 CaCl2, as previously described 
(37). The recording chamber was maintained at 28°C–30°C when superfused at 2 mL/min with normal 
ACSF containing the following (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 1 
MgSO4, and 2 CaCl2, pH 7.3–7.4, when bubbled with 95% O2/5% CO2. Cells were visualized using a 
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Nikon microscope (ECLIPSE E600FN) with infrared illumination and differential interference contrast 
video microscopy. Patch electrodes (3–4 MΩ) were backfilled with internal solution that contained the fol-
lowing (in mM): K-gluconate 125, NaCl 10, HEPES 10, EGTA 0.2, MgATP 4.5, NaGTP 0.3, and K-phos-
phocreatine 10, adjusted for pH to 7.2–7.4 using KOH. Whole-cell recordings were obtained from MSNs 
in the DMS using Multiclamp 700B amplifiers (Axon Instruments). Signals were low-pass–filtered at 4 kHz 
and digitized at 20 kHz using Digidata 1440A (Molecular Devices) acquisition interfaces, and acquisition 
and analysis were performed using Clampex (Axon Instruments) or Minianalysis software (Synaptosoft).

Current clamp. For current clamp recording, series resistance and pipette capacitance were monitored 
and cancelled using bridge and capacitance neutralization. To obtain the passive properties and the firing 
pattern, we recorded voltage responses in current clamp mode from neurons held at around –80 mV, 
while we injected a family of  500 ms square pulses starting from –100 pA with 10 pA increments, deliv-
ered at 0.2 Hz.

Voltage clamp. The pipette capacitance was compensated, and series resistance was continuously 
monitored but was not compensated. Only recordings with a stable series resistance of  less than 20 MΩ 
were used for analysis. sEPSCs were recorded in gap-free protocol in Clampex, for 10 minutes, while the 
cells were voltage clamped at –70 mV.

Western blot
For the Western blot analysis, frontal cortex and striatal tissue were dissected from adult mice and immedi-
ately frozen in liquid nitrogen. The lysates were prepared by adding lysis buffer (10 mm Tris-HCl, pH 6.8, 
2.5% SDS) supplemented with protease inhibitor mixture (P8340, MilliporeSigma, 1:100 dilution) to the 
tissue, and homogenization was achieved by sonication. After centrifugation (3,000g, at 4°C for 5 minutes), 
supernatants were collected, and concentration was measured using the BCA protein assay kit (Thermo 
Fisher Scientific). Lysate concentrations were adjusted to 1 mg/mL. A total of  20 μg of  each sample was 
loaded on the gel, and a semidry transfer was performed (Trans-Blot Turbo Transfer System, Bio-Rad). 
The blotted nitrocellulose membrane was probed with antibodies directed against E6AP (MilliporeSigma, 
E8655, 1:1,000 dilution) and actin (MilliporeSigma, MAB1501R, 1:20,000 dilution). A fluorophore-conju-
gated secondary goat anti-mouse antibody (Westburg, IRDye 800CW, 926-32210, 1:15,000) was used, and 
the protein was detected using Odyssey Scanner system (LI-COR Biosciences). Quantification was done 
using Odyssey 3.0 software (LI-COR Biosciences).

Instrumental conditioning
For the instrumental conditioning, we followed the protocol described previously (89–91). We used Med 
Associates mouse operant chambers (Noldus) that contained a food magazine, with a Bio-Serv 14 mg 
pellet dispenser placed next to the lever. Mice were single caged and handled by the experimenter daily for 
7 days before the experiment. Food restriction began 5 days before the experiment, allowing for a gradual 
weight loss of  15% from their ad libitum weight. On the day before the experiment, the mice received 2 
sugar pellets in their cages. During the learning phase that lasted 5 days, mice had to press the lever once 
to receive 1 pellet.

Statistics
Analysis of  passive and active properties. Capacitance was obtained at the beginning of  each recording using 
the membrane test tool in Clampex where a 10 mV voltage test was delivered from –70 mV voltage hold-
ing. Input resistance was obtained offline, by fitting a linear regression on the voltage-current data points 
obtained in the passive domain of  the MSNs. The rheobase was the level of  the 500 ms current injection 
that generated at least 1 AP. The firing frequency was calculated by counting the number of  APs at each 
500 ms current injection step. To obtain the F-I relationship, we plotted the average firing frequency against 
the value of  the current injection. The maximum firing frequency was the maximum number of  APs each 
MSN produced with increasing depolarization before spikes dropped. The F-I slope was obtained for each 
MSN by fitting a linear regression on the firing frequency plotted against the injected current data points. 
The AP threshold was calculated at rheobase level as the voltage, where dV/dt = 30 mV/ms. To obtain the 
relationship between the membrane depolarization generated by positive current injection and the number 
of  APs that followed, we calculated the voltage at 25 ms after the current injection and counted the number 
of  APs triggered by that current injection.
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EPSC data analysis. EPSCs were detected using Mini analysis software (Synaptosoft). To analyze the 
frequency, events were counted over 10 minutes of  recording. To obtain the average events, for each cell, at 
least 100 nonoverlapping events were detected and averaged. The peak amplitude of  the average sEPSCs 
was measured relative to the baseline current.

Regression analysis. To obtain the best fit line to each parameter measured at different postnatal time 
points, we used the regression analysis and curve estimation module in SPSS. The data from LSL obtained 
at different time points were pulled and a series of  mathematical functions including linear, logarithmic, 
inverse, quadratic, cubic, power, compound, S-curve, logistic, growth, and exponential were compared 
based on their relative goodness of  fit. The single dependent variable (measured parameter) was predicted 
by a single independent variable (postnatal day) (Supplemental Table 3). After identifying the best curve for 
each parameter, we obtained the genotype-specific fit for each parameter (Table 1).

General statistics. The statistical analysis was performed in IBM SPSS software. The statistical tests per-
formed for data are indicated in figure legends. The exact P values for each statistical test are reported either 
in figure legends or in tables, as indicated. P ≤ 0.05 was considered statistically significant. When only 2 
groups were compared, we used the 2-tailed, unpaired t test. When more than 2 groups were compared, we 
used either 1-way RM ANOVA, 2-way/factorial ANOVA, or 2-way RM ANOVA. If  a significant effect of  
the independent factors was observed, we applied post hoc analysis, as indicated.

Specifically, to test the effect of  genotype (WT, LSL) on the electrophysiological properties, we used the 
following: 1-way RM ANOVA (firing frequency as repeated measures) in Figure 1B, Supplemental Figure 
1B, and Figure 2B and the 2-tailed unpaired t test in Figure 1, C–E, G, H, J, M, and N, and Supplemental 
Figure 1, E and F. To test the interaction between the genotypes and age and of  both factors on the elec-
trophysiological phenotypes, we used factorial ANOVA with genotype (WT, LSL) and age (P15, P21, P35, 
P45, P130) as independent variables followed by post hoc least significant differences test (Supplemental 
Tables 1 and 2), in Figure 2, C–F and H, and Supplemental Figure 2A.

To analyze the interaction between treatment and genotypes and of  both factors on the electrophysio-
logical phenotypes and the Ube3a gene reinstatement/deletion, we used the following: 2-way RM ANOVA 
(firing frequency as RM) followed by post hoc Bonferroni’s in Figure 4, D, E, and R (independent variable 
treatment: VEH, TAM), and genotype (WT, LSL, in Figure 4, D and E; or WT, Flox, in Figure 4R), and 
2-way ANOVA followed by post hoc Bonferroni’s (Supplemental Table 4) in Figure 4, E–G, L–N, and S–U; 
and Supplemental Figure 3, B–D.

To test the interaction between sex (male, female) and genotype (WT, LSL) and of  both factors on the 
lever press phenotype, we used the following: 2-way RM ANOVA (days as repeated measures) in Figure 
5A and 1-way RM ANOVA in Figure 5B. To test the interaction of  treatment with genotypes and of  both 
factors on the lever press phenotypes, we used 2-way RM ANOVA (days as RM) followed by post hoc 
Bonferroni’s in Figure 4, D–F (independent variable treatment: VEH, TAM), and genotype (WT, LSL, in 
Figure 4, D and E; or WT, Flox, in Figure 4F).

Study approval
All animal experiments were conducted in accordance with the European Commission Council Directive 
2010/63/EU (CCD approval AVD101002016791, the Hague, the Netherlands). Mice were housed in indi-
vidual ventilated cages and kept on a (normal) 12-hour light/12-hour dark cycle, at 22°C ± 2°C and had ad 
libitum access to food and water. Animal welfare was checked daily by animal caretakers and experiment-
ers throughout the experiments. All cages contained basic bedding and nesting material.
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