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ABSTRACT

Angelman syndrome (AS) is a neurodevelopmental disorder characterized by cognitive impairment,
absent speech, seizures, motor and sleep impairments, and caused by loss of function of the maternal copy of
the UBE3A gene. Modeling the AS phenotype in preclinical models across behavioral domains is critical for
testing of new therapeutics. Our previous work reported behavioral phenotypes in male Ube3a™”* (AS model)
mice on a cognitive-like operant extinction task. Here, we evaluated operant task performance in male and
female Ube3a™"* mice across two cohorts, and correlated operant performance with performance on a battery
of other widely used behavioral tests for Ube3a mutants. Ube3a™"* mice showed impairments in both the
acquisition and extinction phases of operant testing that were not sex-specific. Inclusion of operant testing in
the existing Ube3a™"* behavioral battery was feasible and improved clustering of genotypes in principal
component space. Overall, operant acquisition and extinction testing is a reliable approach to quantify
cognitive-like learning impairments in Ube3a™"* mice. Operant testing should be considered as part of a broad

toolbox for evaluating the effectiveness of AS treatments preclinically.
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INTRODUCTION

Angelman syndrome (AS) is a single-gene neurodevelopmental disorder marked by motor and
cognitive impairment, developmental delay, absence of speech, seizures, sleep disturbances, and differences
in social affective behavior'2. Cognitive impairment in individuals with AS is pervasive, affecting quality of life
for affected individuals and caregivers®’. AS is caused by a loss of functional maternal UBE3A expression due
to deletion, mutation, imprinting center defect, or paternal uniparental disomy®®. UBE3A is paternally imprinted
in neurons'®'2, and approaches to re-express UBE3A via unsilencing the dormant paternal allele are now
under evaluation in clinical trials'>'®. As ongoing work identifies additional mechanism-based approaches to
restore UBE3A function'®?® and/or target downstream pathways?°-38, preclinical testing of potential therapies

remains critical.

Behavioral testing in Ube3a™"** mice® is a widely used approach to evaluate the preclinical
effectiveness of potential AS therapies. This mouse model has strong construct validity, as Ube3a imprinting is
conserved in mice'!, and it has also shown good face validity across a number of behavioral domains*°. For
example, Ube3a™"* mice show impairments in motor function®%41#4 increased seizure susceptibility*>*7,
abnormal sleep and circadian rhythms?*®®', and abnormal EEGs®*%° that are generally consistent with patient
populations. In addition, Ube3a™"?* mice show impaired vocalizations in multiple behavioral contexts that are
consistent with impaired speech in AS°¢57. Recently, many groups have used a “gold standard” behavioral
testing battery®® to evaluate the effectiveness of multiple types of interventions?'2528:38.59-62 The main
advantage of this battery, which typically includes weight, rotarod, open field, marble burying, nest building,
and forced swim, is that behavioral phenotypes are robust and consistent across cohorts of mice and different
labs. However, a limit of using this battery alone is its overreliance on motor or motor-adjacent behaviors. More
broadly, preclinical testing in AS has been limited by challenges in reliably evaluating cognitive or cognitive-like
tests. Modeling cognitive impairment is inherently challenging in mice, and thus, new Ube3a™""* rat and pig
models have been developed that are capable of more complex behavior®-5. However, evaluating cognitive-
like behavior in mice remains important, as there are more advanced genetic tools in mice and many

preclinical studies first screen drugs in mice.

Modeling cognitive impairment in Ube3a™"* mice can be approached in several ways. One approach is
to use cognitive-like learning assays, such as novel object recognition, contextual fear conditioning, and the
Morris water maze. Ube3a™""* mice generally show impairments on these tests**%-7!, though phenotypes are
typically less reliable than the gold standard battery. However, these tasks are primarily dependent on the
hippocampus and other subcortical brain structures’74, which limits their interpretability as a broader
assessment of cognitive impairment. An alternative approach for modeling cognitive impairment is to use
operant learning tasks, such as operant acquisition and extinction and the five-choice serial reaction time test,

that actively engage prefrontal circuits’>7”. The prefrontal cortex (PFC) is central to cognition and critical for
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high-level tasks in both humans and mice’®7°, and Ube3a™"** mice show both electrophysiological impairments
in PFC and behavioral impairments on operant tasks linked to PFC function®°-83, Our prior work reported
exaggerated extinction and a trend towards delayed acquisition of an operant learning task in adult male
Ube3a™"* mice®®. Here, we sought to evaluate the reliability and suitability of operant behavior for preclinical

testing by assessing performance in male and female mice from multiple behavioral cohorts.

In addition, a secondary goal of this study was to evaluate the feasibility and value of adding operant
testing to the existing Ube3a™"?* behavioral battery. We previously demonstrated that using principal
component analysis, performance on the gold standard Ube3a™"* behavioral battery can be summarized as a
single “Angelman severity score” (PC1) that is sensitive to treatment84. Here, we performed operant testing and
the behavioral battery concurrently, and asked whether inclusion of operant measures in multidimensional
analysis improved our ability to distinguish Ube3a genotype based on behavior. This approach is conceptually
and methodologically similar to our recent finding that including ultrasonic vocalization testing improves the

breadth and effectiveness of the Ube3a™"** behavioral battery®’.

RESULTS

Operant acquisition and extinction are abnormal in Ube3a™"** mice

We performed operant behavioral testing followed by a well-established behavior battery in adult male
and female Ube3a™"* mice and littermate controls (Fig. 1a). Operant testing had three distinct stages (Fig.
1b): (1) magazine training, where food-deprived mice learned that pellet rewards were delivered via the food
magazine; (2) acquisition, where a nose-poke into the light-cued aperture triggered reward delivery via the
magazine; (3) extinction, where nose-pokes no longer triggered reward delivery. First, we analyzed the entire
dataset together, which included two cohorts of mice, and males and females in equal ratios. There was no
genotype difference in the number of pellets received during magazine training (Fig. 1¢; ts4) = 1.240, p =
0.2202), suggesting no gross difference in motivation. During acquisition, mice learned across days (Fig. 1d)
and advanced to extinction after performing at criteria (>15 trials, >50% accuracy) for five consecutive days.
Ube3a™"* mice took longer to reach operant acquisition learning criteria (Fig. 1e; tss) = 3.122, p = 0.0030). At
criteria, Ube3a mice had fewer cued responses (Fig. 1f; ts4y= 3.245, p = 0.0020) and fewer non-cued
responses (Fig. 19; ts4) = 4.240, p < 0.0001), resulting in a higher accuracy (Fig. 1h; ts4) = 3.380, p = 0.0014).
Because response rates during acquisition were different by genotype, extinction was normalized to acquisition

as in prior work®,

Extinction of cued responses (Fig. 1i-j; main effect of time: F(1.965,106.1) = 92.90, p < 0.0001) was
exaggerated in Ube3a™"* mice (Fig. i-j; main effect of genotype: F(1 54 = 6.078, p = 0.0169; genotype x time
4
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interaction: F2,108) = 5.621, p = 0.0048). Post hoc tests revealed a significant group difference on extinction day
1 (p = 0.0048). Non-cued responses during the extinction phase showed no genotype differences (Fig. 1k-l;
main effect of genotype: Fn, 54y = 1.371, p = 0.2469; genotype x time interaction: F(, 108y = 0.4535, p = 0.6366).
Accuracy during extinction also showed no genotype differences (main effect of genotype: F(1,54) = 1.893, p =
0.1745; genotype x time interaction: F2, 108y = 1.187, p = 0.3090) (Fig. 1m-n). Extinction is plotted using raw
data in Supplemental Figure 1. Overall, these results are consistent with our previous finding that Ube3a™"**
mice are more accurate at criteria during operant acquisition and that operant extinction is enhanced in

Ube3a™"* mice. However, in this cohort, we also found that Ube3a™"* mice took longer to reach acquisition

criteria.
a Operant behavior (Figs. 1-2) Angelman behaviar battery (Fig. 3)
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Figure 1. Operant acquisition and extinction phenotypes in Ube3a™"* mice. (a) Experimental timeline for
evaluating operant behavior and the Angelman behavior battery in the same animals. (b) Schematic of three
stages of operant testing: magazine training (MAG), acquisition (ACQ), extinction (EXT). (c) No difference in
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magazine training between WT and Ube3a™"* mice. (d) Learning curves during acquisition. (e) Ube3a™**
mice took more days to reach acquisition criteria. (f) Ube3a™"* mice had fewer cued responses at criteria. (g)
Ube3a™"* mice had fewer non-cued responses at criteria. (h) Ube3a™"* mice were more accurate at criteria.
(i) Ube3a™"* mice made fewer cued responses on extinction day 1. Bracket indicates day x genotype
interaction; E1 asterisks represent post hoc test. (j) Cued responses during extinction in individual mice. (k) No
genotype difference in non-cued responses during extinction. () Non-cued responses during extinction in
individual mice. Four instances of zero non-cued responses are not plotted here because data are shown on a
log scale, but were included in group analysis in K. (m) No genotype difference in accuracy during extinction.
(n) Accuracy during extinction in individual mice. Data represent mean + SEM; ****p < 0.0001; **p < 0.01;
black: WT (n = 30 mice), red: Ube3a™"* (AS; n = 26).

Operant behavioral phenotypes in Ube3a™"* mice are generally consistent across experimental cohorts

Next, we asked whether operant Ube3a™"** behavioral phenotypes (days to criteria, accuracy at
criteria, extinction) were consistent across experimental cohorts and sex. We compared behavior in Cohort 1
(WT: n =13, Ube3a™"*: n=11) and Cohort 2 (WT: n = 17, Ube3a™"*: n = 15), which were run using the same
equipment by two separate experimenters. Cohort 2 used slightly smaller pellets for reward delivery (14 mg)
than Cohort 1 (20 mg). For operant acquisition (days to criteria), there was a significant main effect of genotype
(Fig. 2a; F(1,52= 10.38, p = 0.0022) and no main effect of cohort (F¢,52)= 0.1209, p = 0.7295) or cohort x
genotype interaction (F(1,52) =1.168, p = 0.2848). Post hoc tests revealed a statistically significant effect in
Cohort 1 (p = 0.0127) but not Cohort 2 (p = 0.2037). For accuracy at acquisition criteria, there was a significant
main effect of genotype (Fig. 2b; F(1,52)= 12.48, p = 0.0009) and no main effect of cohort (F(1,52)= 2.654, p =
0.1094) or cohort x genotype interaction (F(, s2) =0.8380, p = 0. 3642). Post hoc tests revealed a statistically
significant effect in Cohort 1 (p = 0.0098) but not Cohort 2 (p = 0.0988). For extinction of cued responses, there
was a significant day x genotype interaction in both Cohort 1 (Fig. 2c; main effect of genotype: F1, 22 = 3.873,
p = 0.0618; interaction: F(2 44) = 3.960, p = 0.0262; post hoc: E1 p = 0.0575, E2 p = 0.5218, E3 p = 0.9979) and
Cohort 2 (Fig. 2c; main effect of genotype: F(1,30)= 2.603, p = 0.1171; interaction: F, s0) = 3.554, p = 0.0348;
post hoc: E1 p =0.0962, E2 p = 0.9226, E3 p = 0.2119). Across cohorts, the cued extinction response was the
most reliable. Although the days to criteria and accuracy at criteria during acquisition both had main effects of

genotype, post hoc tests were only significant for Cohort 1.

Operant behavioral phenotypes are generally consistent in Ube3a™"* males and females

We then compared behavior in males (WT: n = 16, Ube3a™”: n = 12) and females (WT: n = 14,
Ube3a™: n = 14) across the full dataset. For operant acquisition (days to criteria), there was a significant main
effect of genotype (Fig. 2d; F1, 52)= 9.506, p = 0.0033) and a main effect of sex (F(152= 8.174, p = 0.0061),

with females taking longer to learn the task, but no genotype x sex interaction (F,s2) =0.3673, p = 0.5471).
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Post hoc tests revealed a statistically significant effect in females (p = 0.0227) but not males (p = 0.1670). For

accuracy at acquisition criteria, there was a significant main effect of genotype (Fig. 2e; F(152= 11.41, p =

0.0014) and no main effect of sex (F,52)

=0.5311, p = 0.4694) or genotype x sex interaction (F1,52) =

0.00076,

p = 0.9780). Post hoc tests revealed statistically significant genotype differences in both males (p = 0.0401)

and females (p = 0.0415). For extinction of cued responses, there was a significant day x genotype interaction

in males (Fig. 2f; main effect of genotype: F1, 26)

=0.1342, p = 0.7171; interaction: F2 52 =4.422, p = 0.0168;

post hoc: E1 p=0.2167, E2 p = 0.3421, E3 p = 0.9985). Females showed a significant main effect of genotype

(Fig. 2F; F1, 26)

=9.712, p = 0.0044; post hoc: E1 p = 0.0205, E2 p = 0.1705, E3 p = 0.0560) but no day x

genotype interaction (F, 52y = 1.103, p = 0.3395). Overall, the operant acquisition and extinction phenotypes

were robust in both males and females; however, the increased days to acquisition were only significant for

females.
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Figure 2. Evaluation of operant phenotypes in Ube3a™* mice by cohort and sex. (a) Acquisition days to

criteria and (b) accuracy at criteria by cohort. (c) Left: cued responses during extinction in Cohort 1. Right:

cued responses during extinction in Cohort 2. (d) Days to criteria and (e) accuracy at criteria by sex. (f) Left:

cued responses during extinction in males. Right: cued responses during extinction in females. Data represent
mean + SEM; **p < 0.01; *p < 0.05; black: WT, red: Ube3a™"* (AS). Brackets in C and F represent day x
genotype interaction, other asterisks represent post hoc tests. For panels a-c, [Cohort 1: WT (n = 13 mice), AS
(n =11 mice); Cohort 2: WT (n = 17 mice), AS (n = 15 mice)]. For panels d-f, [Males: WT (n = 16 mice), AS (n
=12 mice); Females: WT (n = 14 mice), AS (n = 14 mice)]. When there is a main effect of genotype, it is

indicated with text under the graph.
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Operant behavior complements and enhances the existing Ube3a™"* behavioral battery

Next, we sought to evaluate the added value of including operant behavioral testing into the existing
motor-focused Ube3a™"* behavioral battery. To do this, we performed the battery (weight, rotarod, open field,
marble burying, next building) in the same animals after operant testing concluded. We then correlated operant
measures with overall performance on the Ube3a™"”* behavioral battery. As expected, Ube3a™"* mice showed
impaired performance on individual tests in this battery. Ube3a™"* mice were heavier (Fig. 3a; main effect of
genotype: F@, 52y = 40.69, p < 0.0001), showed impaired performance on the rotarod (Fig. 3b; main effect of
genotype: F@,52) = 42.33, p < 0.0001), marble burying (Fig. 3c; main effect of genotype: Fn, 52 = 35.47, p <
0.0001), and nest building (Fig. 3d; main effect of genotype: F(1, 52 = 54.50, p < 0.0001) tests. Surprisingly,
Ube3a™"** mice did not show a phenotype in open field testing (Fig. 3e; main effect of genotype: F1 52 =
0.6670, p = 0.4178, Fig. 3f; main effect of genotype: F(1 52 = 0.1391, p = 0.7107). All statistical testing from
Figure 3 is reported in Supplementary File 1. These results are generally consistent with prior findings from our
group and other groups®®#, except that mice that had previously performed operant testing did not show a

genotype difference in distance traveled in subsequent open field testing.
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Figure 3. Ube3a™"?* mice show behavioral impairments on a widely used behavioral battery. (a) Ube3a™
»* mice were heavier than WT littermates. Top bracket indicates main effect of sex; other asterisks represent
post hoc tests. (b) Ube3a™"* mice had a decreased latency to fall in rotarod performance across days.
Asterisks represent main effect of genotype. (c) Ube3a™"* mice buried fewer marbles during the marble
burying task. Asterisks indicate post hoc tests. (d) Ube3a™"* mice used less nesting material across days.
Asterisks indicate main effect of genotype. (e) No difference in open field distance between genotypes. (e) No
difference in open field center time between genotypes. Data represent mean + SEM; ****p < 0.0001; ***p <
0.001; **p < 0.01; *p < 0.05; black: WT, red: Ube3a™"* (AS).

We next performed principal component analysis on the standard battery and assessed correlations
with operant performance. Multidimensional analysis of standard behavioral battery assessments (weight,
rotarod day 1, rotarod day 5, open field distance, open field center time, marble burying, and nest building)
predicted Ube3a genotype with 95% accuracy (Fig. 4a; 53/56 mice). The distance between centroids
representing each genotype was 2.62 units in 2PC space. All behavioral assessments with significant group

differences loaded strongly onto PC1 (Fig. 4b-c), confirming our prior finding that PC1 can be used a
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composite Angelman behavioral severity score in mice®*. We next asked whether PC1 correlates with each
operant behavior phenotype (days to acquisition, accuracy at acquisition, day 1 extinction performance) within
animals. No operant measures were significantly correlated with PC1. Days to acquisition showed no
relationship with PC1 in either AS (R? = 0.0003, p = 0.798) or WT (R? = 5.2x10°°, p = 0.998) mice (Fig. 4d).
Similarly, accuracy at criteria was not correlated with PC1 in either AS (R? = 0.0818, p = 0.157) or WT (R =
0.0124, p = 0.558) mice (Fig. 4e). Extinction day 1 performance also showed no significant correlation with
PC1 in either AS (R? = 0.0425, p = 0.313) or WT (R2=0.0458, p = 0.256) mice (Fig. 4f). These findings
suggest that operant testing captures behavioral variance that is unique from the standard battery. To test this
hypothesis, we asked whether including operant assessments in multidimensional analysis would improve its
effectiveness. Improved effectiveness could be evaluated either by an increased accuracy or by WT and AS
clusters moving farther apart in PC space. Inclusion of operant measures in multidimensional analysis resulted
in a consistent high accuracy (95%), while increasing the centroid distance between WT and AS clusters from
2.62 to 2.96 units in PC space (Fig. 4g). These results suggest that operant extinction measures provide
complementary information to the existing behavioral battery and could enhance the sensitivity of

multidimensional phenotyping approaches for detecting treatment effects in Ube3a™* mice.
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Figure 4. Operant behaviors are independent of AS battery behaviors and modestly enhance genotype
discrimination. (a) Multidimensional analysis using data from the Ube3a™"* behavior battery demonstrates
accurate clustering of animals using two principal components. (b) Loading table and (c) loading plot for PCA
in panel a. (d) Days to acquisition does not correlate with PC1. (e) Accuracy at criteria does not correlate with
PC1. (f) The extinction burst response on day 1 does not correlate with PC1. Lines show linear fits with 95%

10



234 confidence intervals. (g) Adding operant extinction behaviors to PCA analysis increases centroid distance
235 between WT and Ube3a™"* clusters. Centroids and centroid distance are calculated based on actual

236  genotypes, not k-means clusters.

237

238  Sample size guidance for future operant studies

239

240 To guide the design of future operant studies in Ube3a™”" mice, we performed power analyses to

241 determine the sample size required to detect statistically significant effects (« = 0.05) for different levels of
242  power (1-8 = 0.8, 0.9, and 0.95) on operant behavioral measures. For each sample size (n = 4-30), we ran
243 10,000 iterations of a bootstrap analysis to determine the minimum number of mice per group. At 80% power,
244  sample sizes ranged from n = 20-24 per measure in operant behavior, and from n = 7-12 for measures in the
245  standard behavior battery (excluding open field, as we did not observe a phenotype). At 90% power, sample
246  sizes increased to n = 26-30 per measure for operant behavior and n = 9-15 for measures in the standard
247  behavior battery. At 95% power, sample sizes were greater than 30 per group for operant behaviors but

248  ranged from n = 11-18 for measures in the standard battery (Table 1).

249
Behavioral measure Achieved effect size Sample size per Sample size per Sample size per
(Cohen’s d) group group group
(1-B) = 0.8 (1-8) = 0.9 (1-B) = 0.95
Days to acquisition 0.84 24 30 >30
Accuracy at criteria 0.89 20 26 >30
Extinction day 1 0.91 21 28 >30
Rotarod day 1 1.64 7 9 11
Rotarod day 5 1.22 12 15 18
Open field distance 0.07 >30 >30 >30
Marbles buried 1.62 7 9 11
Nest building 1.52 9 11 14
250
251

252  Table 1. Bootstrap analysis to guide sample size for operant behavioral testing in Ube3a mutants.
253  Sample sizes (“n”) required to detect statistically significant effects (a = 0.05) for different levels of power (1-8
254 =0.8,1-4=0.9, and 1- = 0.95). Behaviors from operant learning and extinction are above the dashed line,

255  and behaviors from the gold standard behavior battery are below the dashed line.

256
257 DISCUSSION
258 Overall, our results confirm that operant learning is impaired in Ube3a™"* mice and demonstrate that

259  operant phenotypes are not sex-dependent. Relative to WT littermates, Ube3a™"* mice took longer to learn the
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operant acquisition task (Fig. 1e), had higher accuracy at criteria (Fig. 1h), and showed an exaggerated
extinction of cued responses on extinction day 1 (Fig. 1i). Together, these phenotypes suggest impaired
cognitive function during operant learning. Within animals, operant performance did not correlate with overall
performance on the gold-standard behavior battery (Figs. 4d-f), suggesting that operant testing may capture a
different behavioral domain from existing motor-like tasks in Ube3a™"** mice. Consistent with this idea,
including operant measures increased the centroid distance between WT and Ube3a™"* mice in principal
component space (Fig. 4g), suggesting that these tasks further distinguished the Ube3a™"* phenotype. These
data demonstrate that, in addition to being a reliable test, operant extinction captures distinct cognitive-like
impairments in Ube3a™"* mice.

This study builds on recent operant behavioral findings in Ube3a™”* mice. We replicated our previous
findings that Ube3a™”"* male mice have enhanced operant extinction and greater accuracy at criteria®®, and
showed that with sufficient sample sizes, we can also detect significant differences in days to acquisition. While
previous studies used only male mice, our current study included both male and female mice. We found that
no operant phenotypes were sex dependent, which was valuable to rule out because previous studies in
Ube3a™"* mice found sex differences in complex behaviors®¢. Accuracy at criteria and extinction phenotypes
were present independently in males and females, but days to acquisition was statistically significant only in
female Ube3a™"* mice, suggesting that the effect size may be greater in females. Similarly, when we broke
operant phenotypes down by each of our two cohorts, not all phenotypes were present individually in each
cohort. Only exaggerated extinction on day 1 was independently significant in each cohort (Fig. 2c).
Acquisition accuracy and days to criteria were independently significant in cohort 1, but not cohort 2 (Figs. 2a-
b). Breaking down our results by cohort and sex revealed that, to detect significant effects, much larger sample
sizes (n=20+) are needed than for behaviors in the gold-standard behavior battery (Table 1).

In practice, there are several advantages and disadvantages to operant testing when considering this
approach for preclinical testing in Ube3a mutants. A major advantage of operant testing is the ability to reliably
test cognitive-like behavior. The commonly used behavior battery for Ube3a™"** mice®® emphasizes motor
tasks, and our results suggest that operant testing captures a different aspect of the AS phenotype. We
demonstrate that operant testing can feasibly precede the gold-standard behavior battery and that adding a
cognitive-like task to this battery can help distinguish the Ube3a™"** phenotype in principal component space.
However, operant testing has several key limitations that should guide usage. First, the long test duration
(often 4+ weeks of daily testing) provides a practical barrier. While operant learning/extinction is less time-
consuming than other prefrontally encoded tasks, such as the five-choice serial reaction time test (~3
months)®8, it is more time-consuming than hippocampally encoded cognitive-like tasks, such as novel object
recognition (~4 days)®’. Another disadvantage is the large sample size required to detect effects. We report
that the sample size needed to find a statistically significant effect (¢ = 0.05) and (1-8 = 0.8) was n = 24 mice
for days to acquisition, n = 19 for accuracy at criteria, and n = 21 for extinction. Thus, our two cohorts
combined have sufficient power to detect an effect (WT: n = 30; Ube3a™"*: n = 26), but each cohort
individually was underpowered (Cohort 1: WT: n = 13; Ube3a™"*: n = 11; WT: n = 17; Ube3a™"*: n = 15). The
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sample size needed to detect a significant effect is much higher than that required for many of the tests in the
gold-standard behavior battery, making it more costly and time-consuming to run. Overall, it may be best
practice to run the gold-standard behavior battery first and in a separate cohort, and then only run operant
behavior if cognitive performance is an important secondary measure.

Limited face validity is another major limitation of operant extinction testing in Ube3a™”* mice. While
impairments in task acquisition can be easily interpreted, it is less clear how greater accuracy at task
acquisition and enhanced extinction in mice translate directly to cognitive dysfunction in people with AS. An
operant behavioral task in mice with potentially greater translatability is the five-choice serial reaction time test
(5CSRTT). We previously demonstrated that Ube3a™"* mice had increased omissions during 5CSRTT
training, suggesting that attentional behavior is impaired®2. However, 5CSRTT is much longer and more labor-
intensive than operant extinction, and is more susceptible to the confounds of motor dysfunction®?. The trade-
offs between face validity and task complexity and duration remain a challenge for studying cognition in mice.
While operant behavioral testing in mice has limited face validity in patient populations, it does provide a useful
readout of prefrontal circuit function®8388-%0 gnd a reliable assessment of cognitive-like performance.

A surprising finding from this study was that Ube3a™"** mice did not show hypoactivity during open field
testing (Fig. 3e). Hypoactivity in the open field is typically one of the more reliable phenotypes in Ube3a
mutants®+°88.91 and our group has previously reported open field hypoactivity using the same arena 8and
protocol. We hypothesize that the lack of an open field phenotype could be driven by weeks of prior experience
in a similar environment — the operant chamber — during prior operant testing. Both the operant testing box and
the open field testing box are large, soundproof chambers with square behavior arenas. Prior work has
demonstrated that total distance traveled in the open field decreases with experience®%. We hypothesize that
experimental mice habituated to the operant testing environment, resulting in decreased distance traveled in a
similar open field arena. Indeed, the lack of open field phenotype was driven mainly by decreased distance
traveled in WT mice (~20 meters per session in this study vs. ~40 meters in prior work)®. This finding has
practical implications for running the behavior battery and suggests that best practice may be to run the battery
separately from operant extinction if the open field phenotype is important to measure.

Overall, we demonstrate that operant behavioral phenotypes are consistent in Ube3a™"** males and
females, and include both differences in acquisition and extinction. Operant testing is feasible in conjunction
with other behavioral tests, but it may be best to run operant extinction and the behavior battery in separate
cohorts. Operant behavior may be a strong readout for measuring cognitive performance and prefrontal
dysfunction, and could be a valuable tool for mechanistic studies and screening therapeutic drugs in AS. This
test is likely not suitable to be added to every behavior battery because it is labor-intensive and does not have
strong face validity, unlike other behavioral tests such as ultrasonic vocalizations®! that are also reliable and

add an additional behavioral domain but are much easier to implement and have stronger translatability.
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METHODS

Animals

All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
of Children’s National Hospital, and were performed in accordance with all relevant guidelines and regulations.
All experiments in this study complied with the ARRIVE guidelines®. All datasets used Ube3a™"** mice and
WT littermate controls (Ube3a™""*) on a congenic C57BL6/J background purchased from The Jackson
Laboratory (strain #016590), Bar Harbor, Maine, USA, and bred in a colony in the Children’s National Hospital
research core animal facility. Experimenters were blind to genotype during all testing and analysis.
Experimental WT and Ube3a™"" littermates were generated by crossing female Ube3a™" mice and male WT
mice. Two cohorts of mice were used in this study. Cohort 1 included 24 total adult mice aged ~P60-155 (WT
male: n = 8, Ube3a™"* male: n = 6, WT female: n = 5, Ube3a™"* female: n = 5). Cohort 2 included 30 total
adult mice aged ~P83-114 (WT male: n = 8, Ube3a™"* male: n = 6, WT female: n = 9, Ube3a™"* female: n =

9). We did not exclude any mice from analysis. Ages of mice reported are on day 1 of operant testing.

Behavioral testing

Operant acquisition and extinction. We used the same testing protocol as was used in our previous
study®®. Mice were food-restricted for the duration of the experiments (2 h of unrestricted feeding after testing
each day). We performed daily testing during the light phase at the same time each day. Testing was
performed using modular operant conditioning chambers (MED Associates, ENV-307W). These chambers had
five available nose-poke apertures on one wall, a food delivery magazine on the opposite wall, and a house
light that illuminated the chamber. To provide operant cues, stimulus lights inside the nose-poke apertures
were individually controlled. We covered three nose-poke apertures (holes 1, 3, and 5), leaving two open for
testing (Fig. 1b). There were three phases of operant testing: magazine training (MAG), operant acquisition
(ACQ), and operant extinction (EXT). On the day prior to operant testing, mice were habituated to the
chambers with the house light on and no reward delivery for 30 minutes. Next, we trained mice (two 10 min
sessions on consecutive days) to receive a food reward (Cohort 1: 20 mg dustless precision pellets, Bio-Serv;
Cohort 2: 14 mg dustless precision pellets, Bio-Serv) each time they nose-poked into the food magazine [MAG
training]. During operant acquisition (15 min sessions), we illuminated one aperture at a time (the “cued”
aperture), and mice received a reward only after a nose-poke into the cued aperture. When a mouse did a
nose-poke into the non-illuminated aperture, this was considered a “non-cued” response. For each mouse, the
light cue was presented in the same aperture during every trial across days, but cue location (left or right
aperture) was randomized across mice. A “trial” is defined as the receipt of a food reward following one or
more cued responses, and each trial was self-initiated by the mice, so the number of trials per session was
open-ended. To encourage mice to self-initiate more trials, we “primed” mice on by placing one food pellet
inside both the cued and non-cued apertures. Priming was performed on the first two days of acquisition and

on subsequent sessions following a session with <5 trials. During acquisition, pellet rewards were delivered on
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a fixed FR1 schedule for the first 10 rewards, then on a variable VR2 schedule for the following rewards. Mice
needed to complete >15 trials within a session, and >75% cued response rate [cued responses/(cued + non-
cued responses)], over five consecutive days to meet criteria for successful acquisition. Immediately following
acquisition, mice underwent three days of extinction training, where the light cue was presented without
reward. For analysis of extinction data, we normalized cued and non-cued responses to the group average of
the last five days of acquisition. After all mice in a cage completed their last day of operant extinction, mice
were returned to normal ad libitum food access for the remainder of the study.

Ube3a™"* behavior battery. Mice were given 2-4 weeks to recover from operant behavioral testing and
food restriction prior to starting the behavior battery. The behavior battery consisted of accelerating rotarod
(five consecutive days), open field (one day), marble burying (one day), and nest building (five consecutive
days). There was two to three days between the end of one test and the start of the next test. Weight was
recorded on the first day of the rotarod prior to behavior testing.

Rotarod. Mice were positioned on a rotating rod that increased speed from 4 to 40 rpm over a five-
minute duration with an acceleration of 7.2 rpm? (Ugo Basile model #47600). Testing concluded when the
animal dropped from the apparatus, completed three successive wrapping rotations, or when the five-minute
time limit was reached. Daily testing consisted of two trials separated by a one-hour inter-trial period, with
results averaged for each day. The protocol spanned five consecutive days.

Open field test. Mice were introduced into a 42 cm square arena (AccuScan Instruments, Inc.,
Columbus, OH) and permitted to explore freely during a single 10-minute session. The center zone was 21 cm
x 21 cm. Open field activity was monitored using an automatic tracking system (Omnitech Electronics, Inc.
SuperFlex Open Field System) employing photocell emitters and receptors that create an x—y grid of infrared
beams. Total locomotor distance and duration in the center were measured via infrared beam interruption data.
Testing occurred over a single day.

Marble burying. Mice were placed individually in a 16 x 8 in cage with ~4 cm of bedding (Bed-o’Cobs
1/4” bedding) and 20 black glass marbles arranged in a 5 x 4 array for a single 30 min trial. A marble was
considered buried if it was >50% covered with bedding at the end of the trial. Testing occurred over a single
day. Immediately after marble burying, mice were singly housed for nest building habituation.

Nest building. Immediately after marble burying, mice were then singly-housed and habituated to new
nesting material (Bio-Rad 7.5 x 10 cm extra thick block filter paper; 11 £ 1 g) for 3 days prior to testing. During
testing, new nesting material was introduced on day 1, and unused material was weighed daily across five

days.

Multidimensional analysis of mouse behavior

We used the MATLAB graphical user interface PUMBAA (github.com/sidoroviab/PUMBAA) to perform
multidimensional analysis of behavior. Multidimensional analysis using PUMBAA consists of a series of steps:
data selection, standardization, principal component analysis (PCA), k-means clustering, and validation, as

described in our prior work. Here, we performed multidimensional analysis twice—once with the behavior
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battery measures alone (Fig. 4a), and a second time with measures from operant behavior also included (Fig.
4g). On the first run, our goal was to determine how accurately PCA would predict genotype if only given data
from the Ube3a™"* behavior battery. On the second run, we included operant behaviors to determine if these
additional behavioral points improved clustering accuracy or the distance between group centroids in PC
space. Data selection: For the Ube3a™"* behavior battery, seven total measures were included: weight,
rotarod day 1, rotarod day 5, open field distance traveled, open field center time, marbles buried, and nest
building at day 5 (Fig. 4a). For the Ube3a™"** behavior battery plus operant extinction (Fig. 4g), 10 total
measures were included: Ube3a™"* behavior battery (seven measures as above), days to acquisition,
accuracy at criteria, and extinction day 1. Standardization: All measures were standardized using a z-score (z
= (data point — group means)/standard deviation) to account for different units across tests. In prior work, we
standardized male and female data separately for tests where a sex difference was observed, using the same
method here. Principal component analysis: We performed PCA using the pca() function in MATLAB and
calculated the amount of variance explained by each PC using a Scree plot and the loading distribution of
principal components using the coefficient outputs from PCA (Fig. 4b-c). k-means clustering: k-means
clustering was performed in principal component space using the kmeans() function in MATLAB with k = 2
clusters. Validation: We compared the actual genotypes of the mice to their assigned cluster and calculated the
percentage of correct assignments. Centroids of genotype-based groups were calculated by taking the mean
of all x and y positions for each mouse in principal component space. Here, centroids were calculated based
on the actual genotype, rather than the k-means cluster. The distance between WT and Ube3a™""* centroids
was defined as the absolute value of the square root of (x1-x2)? + (y1-y2)?, where x and y represent the

coordinates of centroids defined by genotype in 2PC space.

Statistics

Statistical analysis was performed using GraphPad Prism 9 and MATLAB R2023a (Mathworks). We
used unpaired t-tests for the majority of comparisons between WT and Ube3a™"* mice when assessing single
behavioral timepoints (Figs. 1¢, 1e-h). When assessing behavioral outcome measures that occurred over
days, we used a two-way RM ANOVA for genotype and day (Figs. 1i, 1k, 1m, 2c, 2f, S1a, S1c, S1e). When
assessing the effects of cohort or sex by genotype, we used a two-way ANOVA (Figs. 2a-b, 2d-e, 3a, 3c, 3e-
f). When assessing the effects of sex by genotype by days, we used a three-way RM ANOVA (Figs. 3b, 3d).
To determine sample sizes needed to achieve a statistically significant result, we performed power analyses of
data presented in Figs. 1e, 1h, and 1i (days to acquisition criteria, accuracy at criteria, and E1 extinction).
Here, we used MATLAB to conduct a bootstrap simulation using 10,000 iterations per each “n” and set
significance to 95% (a = 0.05) and power to 80% (1-4 = 0.8). For all figures, data are represented as mean +/-

SEM, were two-tailed, and *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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FIGURE LEGENDS

Figure 1. Operant acquisition and extinction phenotypes in Ube3a™* mice. (a) Experimental timeline for
evaluating operant behavior and the Angelman behavior battery in the same animals. (b) Schematic of three
stages of operant testing: magazine training (MAG), acquisition (ACQ), extinction (EXT). (c) No difference in
magazine training between WT and Ube3a™"* mice. (d) Learning curves during acquisition. (e) Ube3a™"*
mice took more days to reach acquisition criteria. (f) Ube3a™"* mice had fewer cued responses at criteria. (g)
Ube3a™"* mice had fewer non-cued responses at criteria. (h) Ube3a™"* mice were more accurate at criteria.
(i) Ube3a™"* mice made fewer cued responses on extinction day 1. Bracket indicates day x genotype
interaction; E1 asterisks represent post hoc test. (j) Cued responses during extinction in individual mice. (k) No
genotype difference in non-cued responses during extinction. () Non-cued responses during extinction in
individual mice. Four instances of zero non-cued responses are not plotted here because data are shown on a
log scale, but were included in group analysis in K. (m) No genotype difference in accuracy during extinction.
(n) Accuracy during extinction in individual mice. Data represent mean = SEM; ****p < 0.0001; **p < 0.01;
black: WT (n = 30 mice), red: Ube3a™"** (AS; n = 26).

Figure 2. Evaluation of operant phenotypes in Ube3a™?* mice by cohort and sex. (a) Acquisition days to
criteria and (b) accuracy at criteria by cohort. (c) Left: cued responses during extinction in Cohort 1. Right:
cued responses during extinction in Cohort 2. (d) Days to criteria and (e) accuracy at criteria by sex. (f) Left:
cued responses during extinction in males. Right: cued responses during extinction in females. Data represent
mean + SEM; **p < 0.01; *p < 0.05; black: WT, red: Ube3a™"* (AS). Brackets in C and F represent day x
genotype interaction, other asterisks represent post hoc tests. For panels a-c, [Cohort 1: WT (n = 13 mice), AS
(n =11 mice); Cohort 2: WT (n = 17 mice), AS (n = 15 mice)]. For panels d-f, [Males: WT (n = 16 mice), AS (n
=12 mice); Females: WT (n = 14 mice), AS (n = 14 mice)]. When there is a main effect of genotype, it is

indicated with text under the graph.

Figure 3. Ube3a™"?* mice show behavioral impairments on a widely used behavioral battery. (a) Ube3a™
»* mice were heavier than WT littermates. Top bracket indicates main effect of sex; other asterisks represent
post hoc tests. (b) Ube3a™"* mice had a decreased latency to fall in rotarod performance across days.
Asterisks represent main effect of genotype. (c) Ube3a™"* mice buried fewer marbles during the marble
burying task. Asterisks indicate post hoc tests. (d) Ube3a™"** mice used less nesting material across days.
Asterisks indicate main effect of genotype. (e) No difference in open field distance between genotypes. (e) No
difference in open field center time between genotypes. Data represent mean £ SEM; ****p < 0.0001; ***p <
0.001; **p < 0.01; *p < 0.05; black: WT, red: Ube3a™"* (AS).

Figure 4. Operant behaviors are independent of AS battery behaviors and modestly enhance genotype

discrimination. (a) Multidimensional analysis using data from the Ube3a™"* behavior battery demonstrates
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accurate clustering of animals using two principal components. (b) Loading table and (c) loading plot for PCA
in panel a. (d) Days to acquisition does not correlate with PC1. (e) Accuracy at criteria does not correlate with
PC1. (f) The extinction burst response on day 1 does not correlate with PC1. Lines show linear fits with 95%
confidence intervals. (g) Adding operant extinction behaviors to PCA analysis increases centroid distance
between WT and Ube3a™"" clusters. Centroids and centroid distance are calculated based on actual

genotypes, not k-means clusters.

Supplementary Figure S1. Raw data during extinction. Data are associated with extinction reported as
normalized to baseline in Figure 1. Black: WT, red: Ube3a™"* (AS). (a) Cued responses during acquisition and
extinction. Ube3a™"* mice had fewer cued responses during the five days at criteria in the acquisition phase,
represented as an average of five days in “ACQ” (as reported in Fig. 1g). During the extinction phase, analysis
of raw responses revealed a main effect of genotype (F(1,54) = 25.00, p < 0.0001) and a day x genotype
interaction (F2,108) = 9.292, p = 0.0002). Bracket represents interaction and asterisks represent post hoc tests
(E1 p<0.0001, E2 p=0.1781, E3 p = 0.0117). (b) Cued responses during extinction in individual mice. (c)
Non-cued responses during acquisition and extinction. Ube3a™"* had fewer non-cued responses during the
five days at criteria in the acquisition phase, represented as an average of five days in “ACQ” (as reported in
Fig. 1g). During the extinction phase, analysis of raw responses revealed a main effect of genotype (F158) =
20.66, p < 0.0001) but no day x genotype interaction (F,116) = 0.3888, p = 0.6788). Asterisks represent post
hoc tests (E1 p = 0.0021, E2 p = 0.0091, E3 p = 0.0316). (d) Non-cued responses during extinction in
individual mice. (e) Accuracy [cued responses / (cued responses + non-cued responses)] during acquisition
and extinction. Ube3a™"* mice had higher accuracy during the five days at criteria in the acquisition phase,
represented as an average of five days in “ACQ” (as reported in Fig. 1h). During the extinction phase, analysis
of accuracy revealed a main effect of genotype (F(154) = 9.046, p = 0.0040) but no day x genotype interaction
(F2,108 = 1.128, p = 0.3276). Asterisks represent post hoc tests (E1 p = 0.0356, E2 p = 0.0247, E3 p = 0.1677).
(f) Accuracy during extinction in individual mice. Data represent mean + SEM; ****p < 0.0001; ***p < 0.001; **p
<0.01; *p < 0.05.

Supplementary File S1. Statistics for all figures. Data represent mean + SEM; ****p < 0.0001; ***p < 0.001;
**p <0.01; *p < 0.05.
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