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Touchscreen learning deficits in Ube3a, Ts65Dn and Mecp?2
mouse models of neurodevelopmental disorders with intellectual
disabilities

Prescott T. Leach” and Jacqueline N. Crawley
MIND Institute, Department of Psychiatry and Behavioral Sciences, University of California Davis
School of Medicine, Sacramento, CA 95821 USA

Abstract

Mutant mouse models of neurodevelopmental disorders with intellectual disabilities provide useful
translational research tools, especially in cases where robust cognitive deficits are reproducibly
detected. However, motor, sensory, and/or health issues consequent to the mutation may introduce
artifacts that preclude testing in some standard cognitive assays. Touchscreen learning and
memory tasks in small operant chambers have the potential to circumvent these confounds. Here
we employ touchscreen visual discrimination learning to evaluate performance in the maternally
derived Ube3a mouse model of Angelman syndrome, the Ts65Dn trisomy mouse model of Down
syndrome, and the Mecp 28/ mouse model of Rett syndrome. Significant deficits in acquisition of
a two-choice visual discrimination task were detected in both Ube3aand Ts65Dn mice. Procedural
control measures showed no genotype differences during pre-training phases or during acquisition.
Mecp2 males did not survive long enough for touchscreen training, consistent with previous
reports. Most Mecp2 females failed on pretraining criteria. Significant impairments on Morris
water maze spatial learning were detected in both Ube3a and Ts65Dn, replicating previous
findings. Abnormalities on rotarod in Ube3a, and on open field in Ts65Dn, replicating previous
findings, may have contributed to the observed acquisition deficits and swim speed abnormalities
during water maze performance. In contrast, these motor phenotypes do not appear to have
affected touchscreen procedural abilities during pre-training or visual discrimination training. Our
findings of slower touchscreen learning in two mouse models of neurodevelopmental disorders
with intellectual disabilities indicate that operant tasks offer promising outcome measures for the
preclinical discovery of effective pharmacological therapeutics.
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Introduction

Expanding knowledge about genetic mutations that cause neurodevelopmental disorders has
prompted the generation of mouse models with the syntenic mutation, for use in
understanding biological mechanisms, and as translational tools to develop therapeutics
(Capecchi, 2005; Geyer, 2008; Lynch et al., 2008; Khwaja and Sahin, 2011; Das and Reeves,
2011; Huang et al., 2011; Crawley, 2012; Kleschevnikov et al., 2012; Baudry et al., 2012;
Kas et al., 2014; Vorstman et al., 2014; Hatami and Chesselet, 2015; Kazdoba et al.,
20164a,b; Belichenko et al., 2016; Gogliotti et al., 2016; Duffney et al., 2016). For
neurodevelopmental disorders in which the primary symptom is intellectual impairment, the
corresponding mouse model will ideally display robust and highly reproducible cognitive
deficits. Many excellent learning and memory tasks in current use (e.g. Fanselow and
Poulos, 2005; Eichenbaum and Robitsek, 2009; da Silva et al., 2013; Seese et al., 2014;
Grayson et al., 2015; Gyertyan) can be applied to evaluate cognitive abilities in mouse
models of neurodevelopmental disorders with intellectual disabilities. One issue is that most
of these tasks require motor skills and/or sensory abilities that may be impaired in the
mutant mouse model. As examples, effective swimming and vision are necessary for Morris
water maze procedures; normal pain perception and hearing are necessary for contextual and
cued fear conditioning, and spontaneous exploratory locomotion is necessary for novel
object recognition. Expanding the armamentarium of cognitive assays, particularly through
approaches that avoid potential physical and procedural artifacts, could be helpful in
evaluating cognitive deficits across a range of mouse models of intellectual disabilities. Here
we focus on operant touchscreen learning and memory approaches that could circumvent
many procedural confounds. The small operant chambers require minimum locomotion, the
sensitive touchscreen requires minimal motor skills, enhanced visual images can be used for
low-vision mice who are not completely blind, software programs can define the training
schedules to vary the levels of cognitive challenge, and available tasks can interrogate
specific brain regions and neuroanatomical circuitry (Bussey et al., 1997; Brigman and
Rothblat 2008; Brigman et al., 2005, 2008; Talpos et al., 2010; Bussey et al., 2012;
McTighue et al., 2013; Silverman et al., 2015; Yang et al., 2015; Leach et al., 2016; Nichols
etal., 2017; Buscher et al., 2017).

We tested three mouse models of neurodevelopmental disorders with intellectual disabilities
on a touchscreen visual discrimination task, in concert with other learning and memory
tasks, along with measures of rotarod motor coordination and balance and open field
exploratory locomotion. 1) Angelman syndrome is caused by a maternally-inherited deletion
at chromosome 15q11-g13, in which the key mutation is in the UBE3A gene (Angelman,
1965; Williams, 2005; Maab et al., 2011), which codes for an E3 ubiquitin ligase. Ube3a
heterozygous mice in which the mutation is similarly transmitted by the dam, originally
generated by Jiang, Beaudet and co-workers (Jiang et al., 1998), display behavioral
abnormalities including deficits in rotarod motor coordination and balance, balance beam
walking, grip strength, reduced exploratory range, contextual fear conditioning, and water
maze hidden platform acquisition (Jiang et al., 1998; Miura et al., 2002; van Woerden et al.,
2007; Heck et al., 2008; Allensworth et al., 2011; Daily et al., 2011; Kaphzan et al., 2012;
Baudry et al., 2012; Huang et al., 2013; Santini et al., 2015; Hethorn et al., 2015). 2) Down
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syndrome is caused by a triplication of chromosome 21, incorporating a third copy of
approximately 300 genes (Holtzman and Epstein 1992; Hattori et al., 2000; Chapman et al.,
2000; Gardiner et al., 2010; Dierssen, 2012; Kleschevnikov et al., 2012). Ts65Dn mice with
partial trisomy of the syntenic genes on mouse chromosome 16, originally generated by
Reeves, Davisson and co-workers (Reeves et al., 1995), display behavioral abnormalities
including deficits in water maze hidden platform acquisition, novel object recognition and
radial maze, and higher exploration in an open field and on an elevated plus-maze (Reeves et
al., 1995; Coussons-Read and Crnic, 1996; Demas et al., 1996; Sago et al., 2000; Moran et
al., 2002; Martinez-Cue et al., 2005; Costa et al., 2010; Das and Reeves, 2011; Braudeau et
al., 2011; Cramer and Galdzicki, 2012; Velazquez et al., 2013; Smith et al., 2014; Gupta et
al., 2016). 3) Rett syndrome is caused by a mutation in MECPZ2 on the X chromosome,
which codes for the epigenetic methylation regulator methyl-CpG-binding protein (Amir et
al., 1999; Lombardi et al., 2015). The Mecp2 mouse model of Rett syndrome, originally
generated by Guy, Bird and co-workers, recapitulates aspects of the hand stereotypies and
regression of motor functions that characterize Rett syndrome (Guy et al., 2001). The Bird
MecpZ heterozygous mice and several other subsequent Mecp2 mutant mouse models
display poor survival, hindlimb clasping, tremor, and progressive motor deficits on rotarod
and balance beam (Guy et al., 2001; Gemelli et al., 2006; Ricceri et al., 2008; Katz et al.,
2012; Gadalla et al., 2014; Vogel Ciernia et al., 2017). Fear conditioning and novel object
recognition have been feasible at a young age in some lines of Mecp2 mice, with cognitive
deficits detected in some of the Mecp2 mutant mouse lines but not in others (Moretti et al.,
2006; Pelka et al., 2006; Schaevitz et al., 2013; Vogel Ciernia et al., 2017).

Using a touchscreen operant visual discrimination task previously applied to mouse models
of neuropsychiatric disorders, we examined properties of the learning curve and training
parameters in male and female Ube3a, Ts65Dn, and MecpZ mice and their respective
wildtype littermates. To confirm previous reports, we tested for performance on water maze,
rotarod, and open field activity. Results reveal impaired acquisition of touchscreen visual
discrimination in Ube3a and Ts65Dn mice, with no detectable abnormalities on procedural
components of the task. Water maze learning deficits in Ube3a and Ts65Dn mice, and
rotarod deficits in Ube3a mice, were replicated. Early death in male Mecp2 mice, and motor
decline in female Mecp2 mice, precluded touchscreen visual discrimination training. Our
findings indicate promising applications of the forefront touchscreen technology in
phenotyping cognitive deficits in some mouse models of neurodevelopmental disorders with
intellectual disabilities, for use in the preclinical discovery of effective therapeutics.

Material and Methods

Mice

All studies were approved by the UC Davis Institutional Animal Care and Use Committee,
using procedures consistent with the NIH Guide for the Care and Use of Laboratory
Animals. Mice were purchased from The Jackson Laboratory and bred as described below.
Housing cages were maintained in an AAALAC-approved temperature and humidity
controlled vivarium on a conventional 12:12 light cycle, with lights on at 7 AM and
behavioral testing conducted during the light phase of the circadian cycle. Behavioral testing
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followed the sequence: open field and rotarod at 8-12 weeks of age, Morris water maze at
9-14 weeks, touchscreen beginning at 12-16 weeks. Food restriction to reach = 85% of free
feeding body weight was initiated 1 week prior to touchscreen pre-training, to ensure
motivation for food reinforcement at the start of pre-training. With the exception of food
restriction for the touchscreen experiments, food and water were provided ad libitum. Both
males and females of each genotype were tested in all behavioral tasks. As no evidence for
sex differences was detected, data from males and females were combined in statistical
analyses.

To generate subject mice for the Angelman syndrome model, heterozygous female Ube3a
mice (JAX catalogue #016590) were mated with male C57BL/6J (JAX #000664). PCR
genotyping of tailsnips was conducted using previously published primers (Jiang et al.,
1998). To generate subject mice for the Down syndrome model, female Ts65Dn (JAX
#005252), which do not harbor the retinal degeneration gene, were mated with male
B6eiC3F1 (JAX #003647). PCR genotyping of tailsnips was conducted using previously
published primers (Reinholdt et al., 2011). To generate subject mice for the Rett syndrome
model, Mecp2 heterozygous females of the Bird line Mecp2m1-1BirdlJ (JAX #003890) were
mated with male C57BL/6J (JAX #000664). Genotyped mice were kindly contributed by Dr.
Annie Vogel Ciernia, UC Davis (Mogel Ciernia et al., 2017). Offspring were weaned at 21-25
days of age into cages of 3-4 mice of mixed genotypes, housed by sex. Since some of the
females were sequestered for breeding, Ns typically contained more males than females,
however data from males and females appeared to be similar on all behavioral assays.

Due to poor breeding and low litter yields for each of these lines of mutant mice, the number
of subject mice per group was somewhat smaller than Ns usually employed for behavioral
testing. Subsequent mortality issues caused Ns to decline across the sequence of behavioral
assays in some cases. However, the final Ns employed in touchscreen testing were consistent
with group sizes used for this assay by other laboratories, as cited above. For Ts65Dn and
Ube3a, Ns for each behavioral assay are listed in the figure legend for each test. For Mecp2
mice, Ns at the start of touchscreen testing were 15 female WT, 20 male WT, 11 female
heterozygotes, 19 male heterozygotes. Males either died or lost considerable body weight
during food restriction, precluding their use in touchscreen testing.

Behavioral assays

Open field—Open field exploratory activity was tested using an automated VersaMax
Animal Activity Monitoring System (Accuscan, Omnitech Electronics Inc., Columbus,
Ohio) under 40 lux illumination. Photocells in the horizontal x and y panels, and in the z
vertical panel, detected beam breaks. Dedicated software calculated total distance traveled,
horizontal activity, vertical activity, and center distance. Center distance represents
locomotor activity in the central zone of the arena. Open field parameters were collected in 5
minute time bins and summed for the full session length of 60 minutes.

Rotarod—Rotarod motor coordination and balance was tested using an Ugo-Basile
accelerating rotarod, (Stoelting Co., Wood Dale, Illinois). Revolutions per minute (rpm)
were set at an initial value of 4 rpm, increasing progressively to a maximum of 40 rpm
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across 5 minutes. Test sessions consisted of 3 trials, with 60 seconds between each trial.
Latency to fall was recorded for each trial.

Morris water maze—Morris water maze spatial learning and memory was tested using a
120 cm circular pool, filled with water (24-25°C) containing Crayola liquid non-toxic white
paint. External cues for distal spatial navigation included a prominent sink, computer, water
temperature regulator with hose, a large black X on one wall, and a yellow paper lantern
hung from the ceiling. Platform locations and start locations were pseudorandomized. Trials
were videorecorded and scored by automated software (Noldus Ethovision, Wageningen,
The Netherlands) for measures including latency to find the hidden platform, total distance
traveled, and swim speed. Mice were trained in the hidden platform version of the Morris
water maze using methods consistent with standards in the literature. Each subject mouse
was given 4 consecutive trials per day until the WT control group reached the latency
criterion of 15 seconds or less to reach the hidden platform. Mice were allowed to remain on
the platform for ~15 seconds after each trial. After the fourth daily trial, each mouse was
placed under an infrared heating lamp to help restore body temperature. Probe trial analysis,
to confirm that learning the hidden platform location was accomplished using distal
environmental room cues, was conducted 3 hours after the last training trial. Each subject
mouse was given a 60 second probe trial. Time spent in each of the four pool quadrants, and
number of crossings over the former platform location versus the three analogous imaginary
platform locations in the other quadrants, were automatically scored by the Noldus
videotracking software.

Touchscreen operant visual discrimination learning—Touchscreen operant visual
discrimination learning was tested using a Bussey-Saksida touchscreen system (Campden
Instruments/Lafayette Instrument Company, Lafayette, Indiana). Operant chambers were
trapezoidal in shape, to enhance the focus of attention on the touchscreen apparatus.
Touchscreens at the front of the chambers were fitted with a Plexiglas two-hole mask. Each
hole measured 7 cm x 7 cm. Selected visual images generated by the software were
displayed on each mask. Image pairs used were a large white X and an = sign, of equal
luminance. At the rear of the chambers, a food magazine delivered 20 pl aliquots of liquid
per reinforcement (Ensure strawberry milkshake diluted 1:1 with dH,0), through plastic
tubing, regulated by a peristaltic pump controlled by the touchscreen software.

Touchscreen pre-training: To begin the training procedure, mice first received one day of
habituation to the touchscreen chamber and autotraining to the food reward. During
habituation, the food magazine was initially filled with reinforcer and signaled with a small
LED light located directly above the food magazine. Each nosepoke into the food magazine
initiated a new trial, which consisted of a fixed 10 second ITI and delivery of another 20 pl
of reinforcement/reward. Following habituation, mice received fixed-ratio (FR-1) training,
where each touch to either image on the touchscreen was rewarded. Image location was
randomized between the left and right mask locations. The first day of FR-1 training had no
punishment for touching blank image locations. On subsequent days, blank touches were
punished by a 20 second timeout. Following correct or incorrect trials, there was an ITI of
20 seconds. After each session, the number of correct touches and the number of incorrect/
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blank touches were recorded and used to calculate percent correct performance using the
following formula: correct touches + (correct touches + incorrect/blank touches). Training
continued until a performance criterion of = 80% was reached for 2 days. After reaching the
pre-training criterion, the subject mouse was moved to pairwise discrimination training.

Touchscreen pairwise discrimination training: Contingency for reward changed during
this phase from an FR-1 to a pairwise discrimination rule. Briefly, a touch to the rewarded
image (S+) was reinforced while a touch to the unrewarded image (S-) was punished with a
20 second timeout. Incorrect trials led to correction trials, where the trial was repeated until
the S+ was successfully chosen. Training continued until a performance criterion of >280%
was reached for 2 days, with the correction trials counted toward % correct performance.

Statistical analysis—Data were analyzed with GraphPad Prism version 6.07. Open field
parameters were compared between genotypes using Two Way Repeated Measures Analysis
of Variance (ANOVA) for time bin analyses of each parameter, and unpaired two tailed
Student’s t-tests for the full 60 minute session score analyses of each parameter. Rotarod
data were analyzed with Two-factor ANOVA using genotype as a between subjects factor
and trial as a within subjects factor. Water maze acquisition parameters were evaluated with
a Two Way Repeated Measures ANOVA followed by Bonferroni post-hoc analyses in cases
of significant ANOVA F values. Water maze probe trial data were evaluated with One Way
ANOVA within genotype, followed by post-hoc Dunnett’s test comparing all other locations
to the target location. Touchscreen visual discrimination acquisition data were evaluated by
Mantel-Cox analysis for survival curves, and by unpaired Student’s t-test for days to
criterion and screen touches.

Touchscreen learning impairments in Ube3a mice (Figure 1)

Ube3a mice displayed significant deficits on acquisition of the touchscreen pairwise
discrimination learning task, as compared to their WT littermate controls. Pretraining
consisted of rule-learning about reward and punished contingencies, using illuminated and
blank instead of unique symbols. Pretraining showed no genotype differences in survival
curves when analyzed for individual mouse performance each day using the Mantel-Cox test
(X3(1) = 1.102, p = 0.29) or by Student’s t-test of number of days to reach criterion
(t17=1.134p = 0.27). Visual discrimination learning, illustrated by survival curves using
Mantel-Cox analysis, revealed that Ube3a mutant mice took significantly more days to reach
the criterion of at least 80% correct responses, as compared to WT mice: X2(1) = 6.50, p =
0.011. Visual discrimination learning t-test analysis of number of days to reach criterion
revealed similarly significant slower acquisition (t;7 = 2.56, p = 0.02). In terms of number of
daily training trials (active screen touches) to reach criterion, genotypes showed no
difference during pretraining. During visual discrimination training, t-test analysis of the
number of training trials (active screen touches) revealed a non-significant trend for Ube3a
requiring more trials to reach criterion (t;7=1.78, p = 0.09). Thus, significantly more training
days, and a strong trend toward more training trials, were required for Ube3a mice to reach
criterion, consistent with an interpretation of cognitive impairment. Because of the
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discrepancy between significance when comparing days or active screen touches to criterion,
and to address motor abnormalities in Ube3a mice, we analyzed response speed (latency to
reach the correct or incorrect location and magazine latency) on the first two days and last
two days of pairwise discrimination testing. Response speed was similar on correct latency,
incorrect latency, and magazine latency for both WT and Ube3a mice, indicating no gross or
overt motor phenotypes that may have contributed to the observed learning impairments.
These findings indicate that pairwise discrimination learning was impaired in Ube3a mice,
while the procedural rule was learned similarly by WT and Ube3a, and no motor issues
appeared to interfere with the conduct of the procedures.

Normal open field exploratory locomotion in Ube3a mice (Figure 2)

No significant genotype differences were detected on open field activity: Total distance
traveled t;7 = 0.995, p = 0.33; Horizontal activity t;7 = 0.669, p = 0.51; Vertical activity (t;7
= 0.764, p = 0.46); Center distance (t;7 = 0.280, p = 0.78).

Impaired rotarod performance in Ube3a (Figure 3)

Rotarod testing revealed a significant motor impairment in maternally-derived Ube3a
heterozygotes. Analysis of training trials confirmed a significant learning effect across the
three rotarod training trials (F5 44 = 8.38, p < 0.001). Two-factor ANOVA revealed a
significant effect of genotype (F1 2 = 16.9, p < 0.001). Bonferroni-corrected post-hoc tests
revealed a significantly shorter latency to fall in Ube3a mice on each training trial (p<0.05).
No genotype by trial interaction was detected (F2 44 = 0.791, NS).

Impaired Morris water maze performance in Ube3a (Figure 4)

Ube3amice failed to reach criterion on acquisition of the hidden platform location in the
water maze. A significant effect of genotype was detected on latency to find the hidden
platform (F1 24 = 25.8, p < 0.001). A significant effect of training day was detected (Fs 120 =
14.4, p < 0.05), with no genotype by day interaction (Fs 120 = 1.76, NS). Distance traveled
showed no effect of genotype (F1 24 = 0.00922, NS), a significant effect of training day
(Fs,120 = 14.9, p < 0.001), and a trend for a genotype x day interaction (F5 190 = 1.99, p=
0.085). Swim speed revealed a significant genotype effect (F1 24 = 58.3, p < 0.05), a
significant training day effect (Fs 120 =4.46, p < 0.05), and a significant genotype by day
interaction (Fs 120 = 2.71, p < 0.05). Thus, Ube3a mice demonstrated slower acquisition of
the location of the hidden platform, along with slower swim speeds as compared to WT
which showed increasing swim speeds across training trials. Probe trial analysis for WT
revealed a significant selective quadrant search in the previously trained target quadrant as
compared to other quadrants of the pool (F3 36 = 16.6, p<0.0001), and more crossings over
the previous platform location than corresponding locations in other quadrants of the pool
(F3,36 = 9.94, p < 0.001), confirming spatial learning using distal room cues. Probe trial
analysis for Ube3a showed a significant effect of searching in the previously trained target
quadrant (F3 35 =3.51, p < 0.05), indicating some learning using distal spatial cues, however
the Ube3a group did not display significantly more crossings over the previous platform
location, (F3 36 = 2.24, NS), indicating some impairment in using distal spatial cues to solve
the task.
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Touchscreen learning impairments in Ts65Dn mice (Figure 5)

Ts65Dn mice displayed a deficit on acquisition of the touchscreen pairwise discrimination
learning task, as compared to their WT littermate controls. Mantel-Cox analysis for
individual mouse performance each day indicated similar number of days to criterion
(X2(1)=1.62, p=0.203). Total number of training days to reach criterion showed a strong
trend for slower learning in Ts65Dn (tpg =1.97, p = 0.059). Significantly more training trials
were required for Ts65Dn to reach criterion (tog = 2.70, p < 0.02). Trials per day analysis
(Figure 5F) revealed no significant difference in rates of responding between strains (tog
=1.43, NS).

Higher open field exploratory locomotion in Ts65Dn as compared to WT littermates (Figure
6)
Ts65Dn mice displayed significantly higher exploratory activity than WT mice on
parameters of total distance traveled (t1 = 3.95, p < 0.01), horizontal activity (tj =2.73, p <
0.05), vertical activity (t1g = 2.15, p < 0.05) and center distance (t1g = 2.72, p < 0.05).

Impaired Morris water maze performance in Ts65Dn (Figure 7)

Ts65Dn mice failed to reach criterion on acquisition of the hidden platform location in the
Morris water maze. A significant effect of genotype was seen on latency to find the hidden
platform (F1 16 = 9.93, p < 0.05). A significant effect of training day was detected (Fg 144 =
18.5, p < 0.05), with a significant genotype by day interaction (F1 16 = 5.04, p < 0.05).
Significant differences in distance traveled were observed between genotypes (F1 16 = 6.79,
p <0.05) and day (Fg 144 = 12.9, p < 0.05), and there was a significant genotype by day
interaction (Fg 144 = 2.66, p < 0.05). Swim speed showed a significant genotype effect (F1 16
=4.47,p = 0.05), a significant day effect (Fg 144 = 6.44, p < 0.050), and a significant
genotype by day interaction (Fg 144 = 4.36, p < 0.05), indicating somewhat slower swimming
by Ts65Dn during the last two training days. Probe trial analysis revealed that WT spent
significantly more time in the previously trained quadrant (F3 21 = 5.21, p < 0.05), and
significantly more crossings over the previously trained platform location (F3 21 = 7.57, p <
0.05). In contrast, Ts65Dn did not display selective quadrant search (F3 27 = 1.27, NS) nor
significantly more crossings over the previously trained platform location (F3 27 = 0.937,
NS), indicating failure to use distal spatial cues to solve the task.

Touchscreen training in Mecp2 mice

Motor declines in MecpZ2 mice were observed on open field and rotarod motor assays, as
described in Vogel Ciernia et al., 2016. Due to significant and progressive motor
impairments, Morris water maze was not attempted on these animals. Pre-training with mild
food restriction was attempted in male MecpZ2 mice, however morbidity and lethality
occurred by approximately 10 weeks of age. Female Mecp2 mice completed pre-training in
only a few cases. Of the 11 MecpZ2 heterozygous females obtained after extensive breeding,
4 did not ingest the liquid reinforcement and did not complete pre-training; 2 consumed
some of the liquid reinforcement but did not reach the pre-training criterion; and 5 females
reached criterion on pre-training. Given the early lethality of male Mecp2 mice, the
difficulty of breeding and maintaining the Mecp2 female heterozygotes through the adult
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weeks required for touchscreen training and testing, and the low percentages of females
reaching criterion on the pre-training phase, further touchscreen experiments were not
pursued with this mouse model of Rett syndrome in the present studies.

Discussion

Translational usefulness of genetic mouse models depends on the strength of the phenotypes
relevant to the human disease. Developing effective therapeutics for a neurodevelopmental
disorder characterized by intellectual disabilities requires sufficiently robust and replicable
cognitive deficits in the mouse model. Learning and memory deficits detected in multiple
tasks will increase confidence in the strength of the mutant mouse model. Here we identify
new cognitive deficits on a 2-choice visual discrimination assay in genetic mouse models of
Angelman and Down syndromes, using forefront operant touchscreen technology. Our
findings indicate that Angelman mice with the conventional Ube3a heterozygous mutation
and Down mice with the conventional Ts65Dn trisomy learn touchscreen visual
discrimination at a significantly slower rate. These impaired learning curves offer new
translational outcome measures to evaluate pharmacological interventions.

Our replication of deficits on water maze hidden platform acquisition in both Ube3aand
Ts65Dn mice reinforces evidence in the literature that spatial learning is impaired in genetic
mouse models of Angelman and Down syndrome (Reeves et al., 1995; Moran et al., 2002;
Miura et al., 2002; Martinez-Cué et al., 2002; Daily et al., 2012; Huang et al., 2013;
Kleschevnikov et al., 2015). Rotarod motor coordination and balance were significantly
impaired in Ube3amice, consistent with previous reports (Huang et al., 2013; Bruinsma et
al., 2015). However, open field exploratory locomotion scores were not significantly
different between Ube3aand WT littermate controls. It is important to note that motor
disabilities detected in a genetic mouse model can introduce artifacts that may directly affect
performance on cognitive tasks such as water maze. Since relatively minimal locomotion,
coordination and balance are required for touchscreen procedures, it appears that the
cognitive deficits detected on visual discrimination learning were independent of the rotarod
phenotype in this mouse model. In addition, latencies for correct and incorrect screen
touches, latency to retrieve liquid food reinforcers, and pre-training days to reach criterion
were similar inUbe3aand WT mice, further supporting the interpretation that motor
impairments were not the major factor underlying the touchscreen acquisition deficit. In
contrast, water maze acquisition of the hidden platform location may have been impacted by
the significantly slower swim speeds in Ube3aas compared to WT.

Ts65Dn mice similarly took significantly more training trials than their WT littermates to
reach criterion on the touchscreen visual discrimination task. Open field scores were higher
in Ts65Dn than WT on parameters of total distance, horizontal activity, vertical activity, and
center distance, consistent with previous reports of elevated exploration and/or locomotion
(Coussons-Read and Crnic, 1996; Faizi et al., 2011). It seems unlikely that the higher open
field activity was responsible for the touchscreen learning deficit in Ts65Dn, since scores on
pre-training showed no genotype differences. Latencies for correct and incorrect screen
touches and latencies to retrieve the liquid food reinforcers were also similar between
genotypes. Morris water maze acquisition was profoundly impaired in Ts65Dn mice. Swim
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speeds did not differ between Ts65Dn and WT during the first six training days. Swim
speeds were somewhat lower in Ts65Dn than WT during the last training days, when the
learning curve differences were most pronounced. This could indicate some contribution of
swimming impairment to the performance scores, but more likely was due to increased swim
speed in WTs as they progressively acquired the hidden platform location. More sensitive
measures of swimming abilities in both Ts65Dn and Ube3a would be useful to determine the
extent to which slower swimming contributed to apparent cognitive impairments. Another
interpretation is that slower swimming during the last training days was a motivational
consequence of repeated failures to locate the hidden platform.

Mecp25rd mice are well known for early death and progressive loss in motor functions (Guy
et al., 2001; Gemelli et al., 2006; Ricceri et al., 2008; Katz et al., 2012; Gadalla et al., 2014;
Vogel Ciernia et al., 2017). We previously replicated findings of poor survival in male
heterozygous MecpZ2 mice, and age-dependent rotarod and open field deficits in female
heterozygous Mecp2 mice, and extended the motor profile of Mecp 25/ female mice with
new findings of balance beam deficits, gait abnormalities, and developmental milestone
delays in female heterozygous Mecp2 mice (VMogel Cierna 2017). These significant motor
disabilities precluded our testing this group of Mecp2 females on water maze learning,
which requires a high level of swimming ability. Given the minimal motor demands within
the small touchscreen chamber, we postulated that motor dysfunctions in Mecp2 mice may
not introduce a major artifact in operant learning. In the present study, pre-training was
attempted in male MecpZ2 mice. None of the male heterozygous Mecp2 mice lived long
enough to complete pre-training. Female MecpZ heterozygotes were able to conduct the pre-
training procedures to some extent. In many cases, however, the food reward was not
retrieved or not completely consumed. Few female MecpZ2 successfully completing
pretraining. Future studies with larger breeding colonies, to generate considerably more
female Mecp2mice, may enable touchscreen learning to be pursued in this mouse model of
Rett syndrome.

Touchscreen operant tests have several conceptual and technical advantages. These include
flexibility in programming tasks that vary in level of difficulty, opportunities to conduct
longitudinal cognitive testing across the lifespan, engagement of defined sensory and motor
functions, and the ability to interrogate distinct neuroanatomical substrates. The touchscreen
visual discrimination assay sensitively detected learning deficits in both the Ube3a mouse
model of Angelman syndrome and the Ts65Dn mouse model of Down syndrome. This
forefront operant technology may be particularly advantageous for rodent models with mild
to moderate motor deficits, which could impact performance on procedural components of
other cognitive assays with greater motor demands. Robust acquisition deficits in
touchscreen assays offer new preclinical outcome measures for discovering effective
therapeutics for neurodevelopmental disorders with intellectual disabilities such as
Angelman and Down syndromes.
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The Ube3a mouse model of Angelman syndrome, in which the heterozygous mutation is
maternally derived, displayed deficits on acquisition of a pairwise 2-choice visual
discrimination operant touchscreen task. A) Pretraining survival curve. Number of days to
reach criterion indicated no gross differences in the rate of procedural learning. B) Visual
discrimination survival curve indicated that Ube3a mutant mice required more days of
training to reach the criterion of = 80% correct, in learning the discrimination between the X
image and the equal sign = image on the touchscreen, as compared to wildtype littermates
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(WT). C) WT and Ube3arequired similar numbers of days to reach criterion on the
pretraining phase, indicating similar procedural abilities. D) Ube3arequired more days to
reach criterion than WT on the visual discrimination task, indicating a slower learning curve.
E) During pretraining, the number of trials to reach criterion (active screen touches per day,
representing trials completed), was similar between WT and Ube3a. F) During visual
discrimination learning, the number of trials to reach criterion (active screen touches)
showed a trend for slower acquisition in Ube3athan WT. G) Response latencies during the
last two training days indicated that physical movements were similar between genotypes,
since a similar amount of time elapsed between image onset and selection of image choice.
H) Latencies to reach the reinforcement magazine during the last two training days indicated
that motivation for food reward was similar between genotypes, and corroborated generally
normal motor function. Results indicate that Ube3a mice can learn the procedural
components of an operant discrimination task, but episodic learning of specific image pairs
was acquired more slowly by Ube3athan by WT. N=9 WT, 10 Ube3a, “p < .05.
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Ube3a mice showed normal exploratory locomotion. Ube3aand WT were tested for motor
activity in automated Accuscan open fields. No genotype differences were detected on
parameters of A,B) total distance, C,D) horizontal activity, E,F) vertical activity, G,H) center
time as measured in 5 minute time bins (A,C,E,G) or as totaled across the 60 minute test

session (B,D,F,H). N =9 WT, 10 Ube3a.

Genes Brain Behav. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leach and Crawley

Page 19

Rotarod
300-
°
Q
@
— 2004 *
1+
° : T
> #
2 100+ T
9
4+
-
0' T T ]

1 2 3
Training trial

Figure 3.
Ube3a mice displayed deficits on rotarod motor coordination and balance. Each test

consisted of 5 minutes on an Ugo Basile mouse rotarod, accelerating from 4 to 40 rpm, with
latency to fall as the dependent variable. Each subject mouse was given three trials within
one day, to evaluate motor coordination and balance. Latency to fall from the rotarod was
shorter in Ube3aas compared to WT on the first test trial, indicating impaired motor
coordination and balance, consistent with previous reports. Latency to fall was similarly
shorter in Ube3a on subsequent test trials, although a trend for improved performance across
the three test trials indicated that some motor learning may have occurred. N = 12 WT, 12
Ube3a, “p < 0.001.
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Figure 4.

Ube3a mice displayed impaired Morris water maze performance. A) Latency to reach the
hidden platform, measured by Noldus videotracking, with 4 trials per day for 6 training
days, showed that WT attained the learning criterion of 15 seconds or less to reach the
hidden platform. Ube3a did not reach criterion, and displayed significantly longer latencies
as compared to WT. B) Swim speed was significantly faster in WT as compared to Ube3a.
C) Selective search in the previously trained quadrant as compared to other three quadrants
was significant for both WT and Ube3a. D) Probe trial crossings over the previous platform
location as compared to the other three imaginary platform locations were significant for
WT but not for Ube3a. N=13 WT, 13 Ube3a, “p < 0.05.
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The Ts65Dn trisomy model of Down syndrome displayed performance impairments on
acquisition of a touchscreen pairwise visual discrimination task. A) Pretraining survival
curves were similar in WT and Ts65Dn, indicating no gross differences in procedural
learning. B) Visual discrimination survival curves indicated a trend toward delayed
acquisition of the image pairs by Ts65Dn mice. More Ts65Dn than WT required extra days
of training to reach the criterion of > 80% correct responses in learning the discrimination
between the X and = touchscreen images. C) WT and Ts65Dn required similar number of
days to reach criterion on the pretraining phase, indicated similar procedural abilities. D)
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Ts65Dn showed a strong trend for more days to reach criterion than WT on the visual
discrimination task, indicating a slower learning curve. E) During pretraining, the number of
trials to reach criterion (active screen touches) did not differ between WT and Ts65Dn. F)
During visual discrimination learning, the number of trials to reach criterion (active screen
touches) was significantly higher in Ts65Dn than WT. Results indicate that Ts65Dn mice
can learn the operant discrimination task, but learn more slowly than WT. N=17 WT, 13
Ts65Dn, *p < .05.
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Figure 6.

Time (5 min bins)

Higher exploratory locomotion in Ts65Dn mice. Ts65Dn and WT were tested for motor

activity during a 60 minute session in automated Ac
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Figure 7.
Ts65Dn mice displayed impaired Morris water maze performance. A) Latency to reach the

hidden platform, measured by Noldus videotracking, with 4 trials per day for 10 training
days, showed that WT attained the learning criterion of 15 seconds or less to reach the
hidden platform (dashed line), while Ts65Dn did not reach criterion and showed
significantly longer latencies than WT on days 7, 8, 9 and 10. B) Swim speed was slightly
higher in Ts65Dn than WT on the last two training days. C) Probe trial selective quadrant
search in the previously trained quadrant as compared to the other three quadrants was
significant for WT but not for Ts65Dn. D) Probe trial crossings over the previous platform
location as compared to the other three imaginary platform locations was significant for WT
but not for Ts65Dn. N=8 WT, 10 Ts65Dn, *p < 0.05.
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