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Abstract

Rett syndrome is a Pervasive Developmental Disorder (PDD) associated with de novo mutations
of the methyl CpG-binding protein 2 (MECP2) gene. Mecp2 functions as a transcription factor
that regulating the expression of hundreds of genes. Identification of the role of Mecp2 in specific
neurodevelopmental symptoms remains an important research aim. We previously demonstrated
that male mice possessing a truncation mutation in Mecp?2 are hyper-social. We predicted that
reduced fear or anxiety might underlie this enhanced affiliation. In order to probe risk assessment
and anxiety-like behavior, we compared Mecp?2 truncation mutants to their wild-type littermates in
the elevated plus maze and elevated zero maze. Additionally, subjects were administered the
mouse defense test battery to evaluate unconditioned fear- and panic-like behavior to a graded set
of threat scenarios and a predator stimulus. Mutant mice showed no significant changes in anxiety-
like behavior. Yet, they displayed hyper-reactive escape and defensive behaviors to an animate
predatory threat stimulus. Notably, mutant mice engaged in exaggerated active defense responding
to threat stimuli at nearly all phases of the fear battery. These results reveal abnormalities in
emotion regulation in Mecp2 mutants particularly in response to ecologically relevant threats. This
hyper-responsivity suggests that transcriptional targets of Mecp?2 are critical to emotion regulation.
Moreover, we suggest that detailed analysis of defensive behavior and aggression with
ethologically relevant tasks provides an avenue to interrogate gene-behavior mechanisms
neurodevelopmental and other psychiatric conditions.
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1.0 Introduction

Mouse models of neurodevelopmental disorders have displayed outstanding face validity
and facilitate widespread investigation into the biology of Pervasive Developmental
Disorder (PDD) [1]. Yet, most tasks have emphasized high throughput in order to support
extensive genetic and pharmacological discovery designs. The Blanchard laboratory at the
University of Hawai'i at Manoa, under the leadership of the late Dr. Robert Blanchard has a
rich history of developing rodent behavioral tasks deriving from an unparalleled expertise in
behavior function and ecological context. The lab's ethoexperimental approach makes
careful use of tasks and arenas approximating scenarios encountered in the wild but with the
added benefit of controlled experimental conditions [2]. Application of the ethoexperimental
approach to genetic mouse models of Autism Spectrum Disorder (ASD) has been
particularly beneficial since ASD is characterized by social impairments and emotional
dysfunction. To garner insight into the social and emotional phenotype of mouse models of
ASD, the Blanchard lab has systematically investigated inbred mouse strains [3-6] and
mutant models of ASD [7,8] using in-depth investigation into the quality and form of social
interactions as well as restricted, repetitive behaviors. All strains and mutants were assessed
in the visible burrow system (VBS), a colony-housing context that recapitulates natural life
history characteristics of mice and permits long-term monitoring of complex social
behaviors. While many models displayed social impairment in the VBS (avoidance, elevated
agonism, etc) MeCP2308/Y mice preferred social contact and made more frontal approaches
than colonies of congenic, wild-type littermates [8]. They also made more affiliative
investigations of a stimulus mouse than did their wild-type littermates and displayed a
virtual absence of home-cage territorial aggression. This led to the hypothesis that Mecp2
mutants may possess dysregulated emaotion systems rendering them less averse to potentially
threatening stimuli. Therefore, we predicted that Mecp2 mutant mice would be less anxious
and fearful in a battery of emotion-relevant behavioral tasks as evidenced by reductions in
flight, freezing and defensive behaviors.

Methyl CpG binding protein 2 (Mecp2) is a DNA binding protein intricately involved in the
transcription of a variety of genes [9-14]. Mecp2 recognizes methylated DNA in gene
promoter regions and recruits transcriptional modulators such as histone deacetylases that
alter chromatin packaging [15]. Not only does MECP2 mutation underlie most cases of Rett
syndrome [16,17], the gene and its locus are implicated in non-syndromic autism [18-21]
and other psychiatric disorders [22,23]. Rett syndrome (ICD-10-CM: F84.2) is an X-linked
neurodevelopmental disorder identified almost exclusively in females due to lethality in
males lacking a second X chromosome. It is also characterized by a period of seemingly
normal development and functioning followed by a period of rapid regression where most
purposeful hand movements and language are lost [24]. Mice with Mecp2 mutations show
symptoms of pervasive neurodevelopmental disorders [25,26]. In addition to sleep,
breathing and musculoskeletal abnormalities resembling those of Rett syndrome, many
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Mecp2 mutant mice display aberrant behaviors characteristic of cognitive and emotional
disturbances [27-38]. Thus, the quantity, composition, and distribution of Mecp2 in early
brain development and in the adult [39,40] is critical for normal brain functioning [41].
Indeed, mutation of MECP2 causes severe and widespread alterations in brain cellular and
molecular physiology [38,42-46]. Post-mortem tissue from Rett syndrome- diagnosed
donors as well as those collected from Mecp2 mutant mice exhibit severe and diffuse
changes in brain cell and synaptic characteristics [47-52].

Relative to the somatic manifestations of the condition the proximate mechanisms causing
affective and emotional functions in Rett syndrome [53] are perhaps less understood. Rett
syndrome is associated with elevated anxiety [53,54] and panic-like behavior [55]. Since
individuals diagnosed with Rett syndrome are largely non-verbal [56] this severely limits the
ability to probe the psychological well being of an individual with the condition through
self-report [57,58]. Therefore, careful investigation of emotion systems in animal models
can help identify of brain circuit alterations that manifest in adverse psychological
symptoms. With careful attention to behavioral function and form we careful interrogated
the emotional repertoire of the MeCP2308"Y mutant model of Rett syndrome.

2.0 Materials and Methods

2.1 Experimental Subjects

MeCP239%8/Y mice were bred from C57BL/6J-backcrossed stock obtained from Jackson
Laboratory (B6.129S-Mecp2i™1Hz0/3 stock #005439) originally derived from the truncation
mutation described in Shahbazian and colleagues [36]. Subjects were littermates bred from
heterozygous mutant dams and hemizygous father sibling pairs. Subject mouse genotype
was determined according to the PCR parameters from The Jackson Laboratory. Wild type
(Y/+: WT) and hemizygous (Y/-: KO) male mice, aged 8-13 weeks were used for
experimentation. Mice were housed with up to five same-sex littermates under a 12-h light/
dark schedule with lights on at 06:00h. Male mice were tested to reduce variability
associated with mosaicism in Mecp2 truncation in expression in female mice. Sprague
Dawley rats were bred in house to be used as a predatory stimulus. Rodent subjects had ad
libitum access to tap water and lab rodent diet. All procedures were performed according to
protocols approved by the University of Hawaii Laboratory Animal Service Institutional
Animal Care and Use Committee.

2.2 Behavioral Testing

2.2.1 Elevated Plus Maze (EPM)—The test apparatus is based on that described by
Lister [59]. It is composed of two open arms (30 x 7 x 2 cm) and two closed arms (30 x 7 x
20 cm) that extend from a common central platform (5 x 5 cm). The apparatus was
constructed from wood and Plexiglas and was raised to a height of 40 cm above floor level.
To prevent mice falling off, a rim of Plexiglas (0.25 cm high) surrounded the perimeter of
the open arms. One ceiling-mounted video camera was used to record mouse behavior
during the test and the experimental room was illuminated with standard fluorescent lamps.
The mean intensity of luminosity on the open arms of the EPM was 55 lux. Testing was
initiated by placing the subject on the central platform of the maze, facing one of the open
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arms. Test sessions lasted five minutes and, between subjects, the maze was thoroughly
cleaned with 70% ethanol and dried with paper towels. The results were expressed as
frequency of entries into the closed and open arms, as well as percent time spent in open
arms with respect to total time in both closed and open arms. Risk assessment measures
included frequency scores for stretch attend postures where the mouse stretched forward and
maintained a “flat-back” posture, and frequency of head dips where the mouse protruded its
head over the edge of an open arm to a length greater than or exceeding the caudal aspect of
the pinnae.

2.2.2 Elevated Zero Maze (EZM)—The test apparatus consisted of an acrylic circular
platform (6 cm in width) composed of open and closed segments, with the latter being
surrounded by 20 cm high acrylic walls. The platform was raised to a height of 50 cm above
floor level and the diameter of the maze was 65 cm. To prevent mice falling off, a rim of
Plexiglas (0.25 cm high) surrounded the perimeter of the open segments. One ceiling-
mounted video camera was used to record behavior during the test and the experimental
room was illuminated with standard fluorescent lamps. The mean intensity of luminosity on
the open segments of the zero-maze was 70 lux. Testing was initiated by placing the subject
in the center of the open arm. Test sessions lasted 5 minutes. The results were expressed as
mean entries into the closed and open sections as well as mean percentage of time spent in
open segments over total time spent in both open and closed segments. Risk assessment
measures included frequency scores for stretch attend postures and head dips. Videotapes
collected for the elevated plus and elevated zero mazes were scored by an observer blind to
genotype using commercially available annotation software (Observer, Noldus Information
Technology, The Netherlands). Eight to nine mice per genotype naive to experimental
experience were tested in the EPM and EZM. Entries and percent time in a particular zone
of the plus or zero maze required that the mouse place all four paws cross the threshold.

2.2.3 Mouse Defense Test Battery (MDTB)—Nine mice of each genotype previously
tested in the EZM were tested in the MDTB after waiting at least one week to prevent stress
from repeated testing. The mouse defense test battery was performed according to published
protocols [60]. An oval arena measuring 40 cm wide, 30 cm high and 480 cm in length,
consisting of two 200 cm straight segments joined by two 40 cm curved segments and
separated by a median wall (200 cm long x 30 cm high). The black Plexiglas arena was
elevated 80 cm from the floor to facilitate predatory stimulus exposure and to block the
subject's view of the experimenter. Lighting intensity was controlled by a single red
incandescent light bulb producing 1 lux on the floor of the arena and 5 lux at the top. The
floor of the apparatus was marked every 20 cm with white lines to facilitate measurement of
locomotion distances and velocity. Two ceiling-mounted video cameras were used to record
behaviors during the test. Researchers performing the MDTB were blind to subject genotype
during the test and during manual offline scoring of line crossings and rearing behavior. All
other behaviors were scored in real time. An adult Sprague-Dawley rat (average weight of
450 g) was deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and utilized as a
threatening predatory stimulus. The MDTB consisted of the following subtests:
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Pre-test: Subjects were placed into the MDTB apparatus for a 180 second familiarization
period during which total line crossings and wall rears were recorded.

Predator avoidance test: A predator stimulus (a hand-held rat) was brought up to the
subject at a speed of approximately 0.5 m/second. Approach was terminated when contact
with the subject was made or if the subject ran away from the approaching rat. The distance
at which the mice turned to avoid the predator and the escape distance (the length the mouse
traveled after rat movement was terminated) were noted. This was repeated five times.

Chase/flight test: The hand-held rat was brought up to the subject at a speed of
approximately 2.0 m/second. Chase was initiated only when the subject was standing still
with its head oriented toward the rat, and completed when the subject had traveled three laps
in the runway (14.4 m). The time spent by the mouse to travel this distance was recorded.
The number of stops (pauses in locomaotion), reversals (subject turned and ran toward the
rat), and jump escapes (subject jumps to avoid the rat stimulus) were also recorded. The
latency to complete the total distance was used to calculate mean flight speed in meters per
second (m/second).

Closed Door Approach Test: The runway was then converted into a straight alley, 80 cm
long, by the closing of a door at one end and the placement of a removable barrier at the
other. The rat was placed at one end and during a 30 second period, the number of approach-
withdrawals (subject moves toward the rat more than 20 cm and then returns), as well as
voluntary contacts with the rat stimulus were recorded. During this phase, the investigator
rotated the rat from side-to-side slowly to act as an animate but stationary predatory. Other
measures scored included the frequency of defensive uprights and immobility time
(freezing).

Forced contact test: The alley was reduced to 40 cm. The experimenter applied the
anesthetized rat to the mouse in five sudden contacts. For each such contact, the number of
vocalizations, defensive uprights, jumps escapes, jump attacks and bites were recorded. This
procedure was repeated three times.

Post-test: Upon completion of the forced contact test, the alley doors were opened and the
subject's line crossings and wall rears were record as an index of locomotion and
exploration.

2.3 Statistical Analyses

Mean values of parameters in each phase of the elevated mazes were compared with two-
way repeated measures analysis of variance (ANOVA) with Bonferroni post-hoc analyses
conducted when significant main effect for genotype was identified. Results for the mouse
defense test battery were compared with unpaired t-tests. Mann-Whitney U-tests were
substituted where assumptions were violated such as in cases of unequal variance.
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3.0 Results

3.1EPM

3.2 EZM

3.3MDTB

Mice displayed no obvious motor or respiratory impairments during testing nor was there
any mortality.

Figure 1 displays parameters collected in the EPM and EZM. In the EPM, no significant
genotype differences were identified in the duration of time spent in the open, center and
closed arms of the elevated plus maze nor in the proportion of time spent in the open arms
relative to the closed sections (Fq 4p=0.51, p=0.49; Fig, 1A). No significant genotype
differences were noted in the frequency of entries into the arms of the EPM (Fy 25=0.12,
p=0.73; Fig. 1B) nor in the frequency of stretch attend postures and exploratory head dips
(F1,14=0.68, p=0.68; Fig. 1C).

In the EZM, mutant mice showed no significant differences in the duration of time spent in
the open or closed runways, nor the proportion of time in the open compartment (F1 3,=1.90,
p=0.19; Fig. 1D). Entry frequencies were also similar between genotypes (Fq 16=1.91,
p=0.19; Fig. 1E). There was an overall genotype difference in risk assessment in the
elevated zero-maze (Fq 16=8.11, p=0.01; Fig. 1F). Although the two genotypes displayed
similar rates of stretch attend postures, post-hoc comparison indicated that mutant mice
showed a significant elevation in the frequency of head dips (p<0.001).

Figure 2 displays the mean and standard error for MDTB parameters. Genotypes did not
differ in locomotion (p=0.49) or exploratory rearing (p=0.87) in the pre-test (Fig 2A). When
initially exposed to the predator, Mecp2 mutants showed an enhanced avoidance distance
(Mann Whitney, p=0.02), but a similar escape distance (p=0.61) relative to wild-type
controls (Fig 2B). Mutants showed significantly fewer stops (p=0.02) and reversals (Mann
Whitney, p=0.01) and enhanced flight velocity (p<0.001) in the chase/flight component with
no significant (Mann Whitney p=0.21) increase in jump escape behavior (Fig 2C). When
escape was blocked in the closed door approach test, mutants performed fewer approaches
(p<0.01) and contacts (Mann Whitney p<0.01) and instead displayed a similar (Mann
Whitney p=0.08) duration of freezing with no change (p=0.21) in upright exploratory
behavior (Fig 2D). When mice were exposed to forced contact with the rat, there was no
difference in the frequency of vocalizations (Mann Whitney p=0.24) or defensive upright
postures (Mann Whitney p=0.06); however, mutants performed more jump escape behaviors
(p<0.01) than wild type mice while displaying similar levels of jump attack (p=0.30) and
bite (Mann Whitney p=0.99) responses (Fig 2E). Note however that one Mecp2 mutant
engaged in high levels of defensive aggression by biting the rat twice. Once the predatory
stimulus was removed (post-test) mutants performed more rearing (p<0.01), an exploratory
risk-assessment behavior, while maintaining locomotor activity comparable to wild-type
sibling controls (p=0.44). Thus, Mecp2 truncation causes enhanced reactivity to an animate
predatory threat stimulus, principally manifesting as an exaggerated avoidance response.
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4.0 Discussion

Numerous genes and neural circuits have been implicated in ASD and Rett syndrome, yet,
despite this substantial attention, there are no treatments or cures for these highly
debilitating neurodevelopmental disorders. Here, we interrogated anxiety- and fear-like
behavior in Mecp2 mutant mice. We posited that reliable understanding of a disease
mutation on negative emotional behavior requires the use of species-typical defensive
responses reliably tied to emotional processes [61]. In standard assays of anxiety-like
behavior, Mecp2 mutant mice displayed no difference in anxiety-like behaviors relative to
their wild type siblings. Results of studies measuring anxiety in Mecp2 mutants are mixed
(see [62] for a review). Our reports are contrary to others demonstrating elevated anxiety in
the MeCP2398/Y mutant [28,32,36]. Therefore, it is difficult to reconcile the specific effect
of Mecp2 loss of function on anxiety. One could argue that since anxiolytic/anxiogenic
compounds validate these paradigms their validity derives from their pharmacological
validity. That is to say, they are quite good at identifying chemicals that modulate emaotion,
but could be considered insensitive to identifying ecologically relevant states of the
experimental subject. Additionally, such arena-based tasks require that there are no
musculoskeletal, locomotor or proprioceptive impairments in the model. Since MeCP2308/y
show altered motor activity, coordination and tremors, it limits the interpretation of some
behavioral data [28,36]. Genetic background also appears to play a critical role in the social
phenotypes of Mecp2 mutations [63] so perhaps the presence and direction of social and
anxiety phenotypes may rely on genetic backgrounds. Our results do not endorse that this
mutant (on a fully backcrossed C57BI/6J background) exhibits robust anxiety-like changes
in the classic elevated maze paradigms.

To the best of our knowledge, unconditioned fear-like responses to a predator have not been
evaluated in a Mecp2 mutant model. We found that in the mouse defense test battery, Mecp2
mutants displayed increased fear- and panic-like behavior. Enhancement in active flight and
defensive aggression responses in this task has been shown to reflect panic-like responses
amenable to panicolytic compounds, but not anxiolytic ones [64]. These results suggest that
Mecp2 loss of function causes specific dysregulation of neural processes central to emotion
control. More specifically, this particular mutation seems to result in a fear- and panic-like
phenotype not previously identified in nonhuman models of Rett syndrome. Previous work
has demonstrated that MeCP2308/Y mutant mice exhibit normal fear conditioning in a
context conditioning design but not in a cue-conditioning paradigm [30,36]. However, the
MDTB is designed to test unconditioned fear responses and it is worth noting that fear
conditioning and unconditioned fear are characterized by unique neurocircuitry [65]. The
pattern of responses identified in the current study suggests Mecp2 mutants might be
hypersensitive to animate, but not inanimate threat stimuli. This does not appear to extend to
conspecifics as this mutant exhibits an absence of territorial defense behavior and enhanced
social seeking [8].

Physiol Behav. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pearson et al.

Page 8

4.1 Neuropeptide and endogenous opiate systems are implicated in Mecp2 emotion

disturbance

Mecp?2 acts as a transcription factor affecting thousands of genes. Mecp2 binds the CpG-
island rich promoter of the corticotrophin releasing hormone (Crh) gene regulating its
transcription [32]. Given the role of Crh neuropeptide in anxiety and stress it seems a
plausible contributor to the emotional alterations in Rett syndrome models. AAV vector
based cre recombinase expression in the basolateral amygdala of floxed Mecp2 conditional
mice caused increased anxiety-like behavior suggesting involvement of the amydgala [66].
No alteration in Crh mRNA levels were detected in the mice with conditional deletion of
Mecp2 in the amygdala suggesting other transcriptional targets could play a significant role
in the myriad emotional effects in Mecp2 mutants. A more recent report confirms that Crh
and the opioid receptor Oprm1 are Mecp2 targets that modulate the influence of Mecp?2
duplication [67]. The specific role of Mecp2 in defensive behavior is supported with
research demonstrating risk assessment behaviors correspond to varying Mecp2 levels in
mosaic Mecp2*/- female mice [68]. To establish whether known Mecp2 targets underlie the
exaggerated defensive behaviors demonstrated here, future experiments could evaluate the
behavioral effect of RNA interference or antagonists of Crh receptors or Oprm1 in the
MDTB. Evidence for this notion comes from a study establishing that that anxiety-induced
breathing abnormalities in Mecp2™Y male mice stem are Crh dependent as the Crh
antagonist antalarmin attenuates the response [69]. Notably one of the stimuli used was an
odorant (trimethylthiazoline) thought to mimic predatory olfactory stimulation. Antalarmin
improved survivability in these null mutants indicating the neuropeptide is a critical Mecp?2
target and fear/panic-like behaviors are sensitive indicators of Mecp2 dosage.

4.2 Summary

In the current study we attempted to evaluate whether fear and anxiety are reduced in the
MeCP23%8/Y model of Rett syndrome. Out intention was to place the mutant's hyper-social
characteristics into context. Contrary to the prediction that they would have reduced fear and
anxiety we identified a pronounced enhancement of defensive responses in multiple phases
of the MDTB. We suggest that the ethoexperimental approach can be advantageous in
modeling symptoms of complex neuropsychiatric disorders. Comparing the more subjective
emotional experience of Rett syndrome patients is limited by their limited ability to
communicate [58]. Nonspecific influences of dementia, epilepsy and intellectual deficiency
further complicate interpretation of causative and consequential symptomatology. However,
some early reports suggest abnormal defensive responses in females with Rett syndrome
[56,70]. In fact, many children diagnosed with PDD exhibit comorbid fear (phobias) and
anxiety [71]. Alongside attempts to reduce seizures and improve respiratory and
musculoskeletal problems in Rett syndrome, improved understanding and treatment of
comorbid affective and emotional issues is critical. The current work has established the role
of Mecp2 in innate fear-like behavioral responses and could help guide research designed to
improve the psychological experiences of persons diagnosed with Rett syndrome.
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Figure 1. Anxiety-like behavior
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Mutant wild-type (Y/+) and MeCP2308/Y (Y/-) mice exhibit similar amounts of time spent in
all areas of the elevated plus-maze (A). No significant differences in mean frequencies of
entries into the three zones (B), or in the frequencies of stretch attend or head dip behaviors
(C) were found for the two genotypes. In the elevated zero-maze, no significant differences
were found in the mean duration of time spent in the open or closed compartments (D) and
although mutant mice appeared to show lower total entries into the compartments (E), this
effect was not statistically significant. Mutant mice displayed comparable frequencies of
stretch attend risk assessment behaviors while performing more head dips in the elevated

zero-maze (F). *p<0.001. n=8-9/genotype.
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Figure 2. Mouse defense test battery
In various phases of the escalating predatory threat scenario, mutant mice (Y/-) displayed

increased defensive behavior relative to wild-type siblings (Y/+). Mutant mice avoided the
predator from a greater distance (B). When chased by the predator, they made fewer stops
and never reversed their course, and they showed higher escape velocity (C). When escape
was blocked and the predator was located at the opposing end of the arena, the mutants
approached less and made fewer contacts with the rat and instead engaged in more freezing
(D). Upon forced contact by the rat, mutants engaged in more jump escapes (E). After the
stimulus was removed, the mutant mice showed more rearing behaviors (F). *p<0.05,
**p<0.01, ***p<0.001. n=9/genotype.
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