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Rett syndrome (RTT) is an X-linked neurological disorder caused by mutations in the gene encoding the tran-
scriptional modulator methyl-CpG-binding protein 2 (MeCP2). Typical RTT primarily affects girls and is char-
acterized by a brief period of apparently normal development followed by the loss of purposeful hand skills
and language, the onset of anxiety, hand stereotypies, autistic features, seizures and autonomic dysfunction.
Mecp2 mouse models have extensively been studied to demonstrate the functional link between MeCP2 dys-
function and RTT pathogenesis. However, the majority of studies have focused primarily on the molecular
and behavioral consequences of the complete absence of MeCP2 in male mice. Studies of female
Mecp21/2 mice have been limited because of potential phenotypic variability due to X chromosome inactiva-
tion effects. To determine whether reproducible and reliable phenotypes can be detected Mecp21/2 mice, we
analyzed Mecp21/2 mice of two different F1 hybrid isogenic backgrounds and at young and old ages using
several neurobehavioral and physiological assays. Here, we report a multitude of phenotypes in female
Mecp21/2 mice, some presenting as early as 5 weeks of life. We demonstrate that Mecp21/2 mice recapitulate
several aspects of typical RTT and show that mosaic expression of MeCP2 does not preclude the use of
female mice in behavioral and molecular studies. Importantly, we uncover several behavioral abnormalities
that are present in two genetic backgrounds and report on phenotypes that are unique to one background.
These findings provide a framework for pre-clinical studies aimed at improving the constellation of pheno-
types in a mouse model of RTT.

INTRODUCTION

Rett syndrome (RTT), an X-linked neurological disorder that
affects girls, is characterized by a period of normal develop-
ment followed by regression and the manifestation of behav-
ioral and physiological problems (1,2). RTT is caused by
mutations in the gene encoding the transcriptional modulator
Methyl-CpG-Binding Protein 2 (MECP2) (3). MeCP2 binds
to methylated-CpG dinucleotides, influencing gene expression
both positively and negatively (4–6). Several mouse models

have been generated to understand how MeCP2 dysfunction
leads to neurological deficits in RTT (7–16).

The majority of work involving Mecp2 mouse models has
focused on the loss of MeCP2 in male mice (Mecp22/y).
Studying Mecp22/y mice has revealed the consequences of
a total loss of MeCP2 function without the potential con-
founding effects of variable X chromosome inactivation
(XCI) in female mice. Pathogenesis studies in Mecp22/y

mice aim to reveal mechanisms that might be therapeutical-
ly manipulated, and have revealed potential avenues for pre-
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clinical studies aimed at improving RTT-like phenotypes in
the mouse (17,18). The severe phenotype and short lifespan
of Mecp22/y mice, however, render interventional studies
challenging. Female Mecp2+/2 mice (9) may serve as a
better model for pre-clinical studies, but it is unclear
whether these animals display the spectrum of phenotypic
abnormalities typical of RTT. The few studies of neurobeha-
vioral and physiological defects in Mecp2+/2 mice reported
general health evaluations (9,19), motor defects (9,19–21),
breathing abnormalities (9,22–25) and abnormal early
neurological reflexes (20), but apparently normal autonomic
cardiovascular function and anxiety-like behavior (20,24). In
most cases, these phenotypes were described in older mice.

We therefore reasoned that the detailed characterization of
Mecp2+/2 mice to identify as many RTT-like phenotypes as
possible and to establish their onset and reproducibility is an
important step for pre-clinical trials in an RTT model. Ac-
cordingly, we characterized Mecp2+/2 mice of two different
F1 hybrid isogenic backgrounds using several neurobeha-
vioral assays, starting from 5 weeks of life through 22
weeks of life. We chose F1 hybrid animals that receive an
equal genetic contribution from two pure inbred strains to
minimize the strain-specific issues typical of inbred strains
(26–28). We also evaluated physiological parameters such
as weight and breathing. Our data detail the onset and
nature of the various abnormalities in Mecp2+/2 mice and
highlight the ideal F1 hybrid background for specific pheno-
types, providing a framework for future studies aimed at
testing in vivo interventions.

RESULTS

Mecp21/2 mice display reduced anxiety-like behavior

Previous studies of female mice harboring either an Mecp2-
mutant allele (8,29,30) or an Mecp2-null allele (9,20) have
shown conflicting results regarding the presence of either ele-
vated or decreased anxiety-like behavior in these animals,
despite the fact that anxiety is a prominent component of
typical RTT. Therefore, to resolve the issue of whether
anxiety is indeed present in Mecp2+/2 mice, we tested
5-week-old animals using two conventional assays that
assess elevated anxiety-like behavior in rodents, the elevated
plus maze and the light-dark box (31). To minimize the strain-
specific issues associated with the study of pure inbred strains
in anxiety-related behavioral tasks, we used F1 hybrid animals
that receive an equal genetic contribution from two inbred
strains (26,27,32). The two F1 hybrid strains used in this
study are (FVB/N × 129S6/SvEv)F1, indicated as
FVB.129F1, and (129S6/SvEv × C57BL/6)F1, indicated as
129.B6F1. We discovered that both FVB.129F1 and
129.B6F1 Mecp2+/2 mice spent significantly more time in
the open arms of the elevated plus maze compared with
their respective wild-type littermates [FVB.129F1, F(1,
28) ¼ 15.90, P , 0.001; 129.B6F1, F(1,17) ¼ 11.90, P ,
0.05] (Fig. 1A and D). Although FVB.129F1 Mecp2+/2

mice compared with wild-type littermates entered the open
arm and traveled in the maze similarly (Fig. 1B and C),
129.B6F1 Mecp2+/2 mice made a greater number of

open-arm entries in the elevated plus maze [F(1, 17) ¼ 8.67,
P , 0.05] (Fig. 1E), and traveled more in the maze
[F(1,17) ¼ 5.03, P , 0.05] (Fig. 1F). An analysis of the first
5 min of activity during this task also revealed similar
results (Supplementary Material, Fig. S1A–F). In the light–
dark box exploration task, both FVB.129F1 and 129.B6F1
Mecp2+/2 mice spent more time in the lit compartment
[FVB.129F1, F(1,26) ¼ 4.68, P , 0.05; 129.B6F1,
F(1,17) ¼ 17.83, P , 0.05] (Fig. 1G and I). 129.B6F1 but
not FVB.129F1 Mecp2+/2 mice made more transitions to
the lit compartment of the light–dark box [F(1,17) ¼ 19.05,
P , 0.001] (Fig. 1H and J). Because previous studies indi-
cated that decreased anxiety-like behavior correlates with an
impaired response to stress (33), we measured basal serum
corticosterone levels before and after stress exposure.
FVB.129F1 and 129.B6F1 Mecp2+/2 mice had normal basal
serum corticosterone levels; however, only FVB.129F1
Mecp2+/2 mice showed reduced corticosterone levels in
response to stress [F(1, 8) ¼ 21.09, P , 0.05] (Fig. 1K and L).

Mecp21/2 mice have progressive motor impairments

The loss of motor function is an important clinical feature of
typical RTT that manifests early during the course of disease.
Male mice lacking MeCP2 display a deficit in motor function
that begins at 3–4 weeks of life and that dramatically
worsens over time (9,20). In contrast, the data on the onset
and course of motor deficits in female Mecp2+/2 mice are
sparse and often limited to the later stages of life (9,19–
21). Decreased motor function has also been reported in a
few studies of female Mecp2-mutant mice (29). Therefore,
we assessed motor function of Mecp2+/2 mice in an open
field and in the grid-walking test to establish the earliest
age of onset in these genetic backgrounds and to determine
whether this deficit worsened with age. In the open field,
the total distance traveled as well as horizontal and vertical
activities of 7-week-old Mecp2+/2 mice compared with
wild-type littermates were not significantly different
(Fig. 2A–F). At 17 weeks of age, however, both
FVB.129F1 and 129.B6F1 Mecp2+/2 mice traveled less in
the open field [FVB.129F1, F(1,21) ¼ 7.28, P , 0.05;
129.B6F1, F(1,17) ¼ 14.61, P , 0.05] and showed reduced
horizontal activity [FVB.129F1, F(1,21) ¼ 10.24, P , 0.05;
129.B6F1, F(1,17) ¼ 21.72, P , 0.001] (Fig. 2A–D).
FVB.129F1 Mecp2+/2 mice also showed reduced vertical
activity [F(1,21) ¼ 14.88, P , 0.05]; however, 129.B6F1
Mecp2+/2 mice did not show a significant difference in ver-
tical activity compared with their wild-type littermates
(Fig. 2E and F). To assess motor coordination at this age,
we tested the animals in the grid-walking test. Unlike the ac-
celerating rotating rod used in previous studies (20,21), this
assay quantifies the number of footslips through an elevated
wire grid and is not influenced by the weight of the animals
(34). We found that both FVB.129F1 and 129.B6F1
Mecp2+/2 mice made a greater number of footslips per
centimeter traveled compared with their wild-type littermates
[FVB.129F1, F(1,24) ¼ 27.28, P , 0.001; 129.B6F1,
F(1,17) ¼ 9.64, P , 0.05] (Fig. 2G–H).
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Mecp21/2 mice have reduced startle, enhanced prepulse
inhibition and reduced pain recognition and normal
olfaction

To investigate abnormalities in sensory function, we examined
sensorimotor gating, pain sensitivity and olfaction. Alterations
in sensorimotor gating are prominent in neurological disorders
such as Fragile X syndrome (35,36), autism (37) and schizo-
phrenia (38,39). This phenomenon can be evaluated in mice
by measuring the inhibition of an acoustic startle response
(ASR) after animals are presented with a weaker prepulse
sound. We tested the ASR threshold of Mecp2+/2 mice and
their wild-type littermates by exposing the animals to a
series of sounds ranging from 70 to 118 dB presented in
random order, then evaluated the inhibition of a maximum
startle response (120 dB) when animals were presented with
a prepulse sound of lower intensity. Our analysis of the ASR

threshold indicated no difference in the ASR of 7-week-old
FVB.129F1 Mecp2+/2 mice compared with their wild-type
littermates presented with sound in the range of 70–102 dB;
in the range of 106–118 dB, however, FVB.129F1
Mecp2+/2 mice displayed a lower ASR compared with their
wild-type littermates (Supplementary Material, Fig. S1G). In
contrast, 129.B6F1 Mecp2+/2 mice showed no differences
in their startle responses across the presented range of
sounds at this age (Supplementary Material, Fig. S1H). An
analysis of ASR at 20 weeks of life revealed that both
FVB.129F1 and 129.B6F1 Mecp2+/2 mice showed a reduc-
tion in the ASR when presented with sound ranging from
102 to 118 dB (Supplementary Material, Fig. S1I and J). In
a separate test incorporating prepulse sounds of varied inten-
sity prior to a maximum of 120 dB sound, we confirmed the
ASR deficit of FVB.129F1 Mecp2+/2 mice at 7 and
20 weeks of life [7 weeks, F(1,24) ¼ 16.70, P , 0.001; 20

Figure 1. Mecp2+/2 are less anxious and have an abnormal corticosterone response to stress. FVB.129F1 Mecp2+/2 mice spend more time in the open arms of
the elevated plus maze compared with wild-type littermates (A), but do not show differences in the number of open arm entries (B) or in the distance traveled in
the maze (C). 129.B6F1 Mecp2+/2 mice show significant differences in all three test parameters, spending more time in the open arms (D), making more open
arm entries (E) and traveling further in the elevated plus maze (F) compared with wild-type littermates. This anxiolytic effect in female mice was confirmed in
the light–dark box exploration task. FVB.129F1 Mecp2+/2 mice compared with wild-type littermates spend more time in the lit compartment (G) and show a
non-significant increase in the number of transitions between the light and dark compartments (H), whereas 129.B6F1 Mecp2+/2 mice show significant increases
in both time spent in the lit compartment (I) and the number of transitions between the two compartments (J). Animals from both genetic backgrounds show
normal basal corticosterone levels (K and L). However, FVB.129F1, but not 129.B6F1 Mecp2+/2, mice show a decreased corticosterone response to stress (K
and L). ∗P , 0.05; ∗∗P , 0.001; ns, not significant.
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weeks, F(1,24) ¼ 59.05, P , 0.001] (Fig. 3A), and the ASR
deficit of 129.B6F1 Mecp2+/2 mice at 20 weeks of life
[F(1,17) ¼ 15.38, P , 0.05] (Fig. 3B). Prepulse inhibition
(PPI) of the ASR was significantly enhanced in both 7- and
20-week-old FVB.129F1 Mecp2+/2 mice [7 weeks,
F(1,24) ¼ 59.05, P , 0.001; 20 weeks, F(1,24) ¼ 8.72, P ,
0.05] (Fig. 3C), but normal in 129.B6F1 Mecp2+/2 mice at
these ages (Fig. 3D). To determine whether the PPI phenotype
manifests later in 129.B6F1 Mecp2+/2 mice, we tested a sep-
arate cohort of naı̈ve 1-year-old 129.B6F1 Mecp2+/2 mice.
We confirmed a deficit in the ASR at this age [F(1,21) ¼
36.53, P , 0.001] (Fig. 3B), and discovered that 129.B6F1

Mecp2+/2 mice indeed showed enhanced PPI [F(1,21) ¼
4.78, P , 0.05], indicating a delay in the onset of this specific
phenotype when the Mecp2-null allele is on this particular
genetic background (Fig. 3D). To test gross olfaction ability,
we measured the time that animals spent sniffing a cotton
swab impregnated with either a familiar odor (water) or a
novel odor (vanilla extract). Mecp2+/2 mice of both genetic
backgrounds spent the same amount of time sniffing the
cotton swabs with both familiar and novel odors as their re-
spective wild-type littermates (Supplementary Material,
Fig. S2). This indicates that Mecp2+/2 mice likely have
normal olfaction, similar to observations made in other
MeCP2 mouse models (40,41). Previous work showed that
male animals harboring a hypomorphic allele of Mecp2 dis-
played a decrease in pain recognition (42); therefore, we
investigated whether female Mecp2+/2 mice also showed a
similar defect using the hot plate test. Mecp2+/2 mice of
both genetic backgrounds compared with wild-type littermates
displayed a slower reactivity to a conductive heat stimulus,
indicated by the increase in latency to respond when placed
on a heated metal surface [FVB.129F1, F(1,24) ¼ 16.51,
P , 0.001; 129.B6F1, F(1,17) ¼ 10.17, P , 0.05] (Fig. 3E
and F).

Mecp21/2 mice display altered social approach behavior

In typical RTT, autistic behavior manifests during the regres-
sion phase of the disorder and some features persist throughout
the course of the disease (43); however, social behavior has
yet to be studied in Mecp2+/2 mice. To evaluate social behav-
ior, we tested two separate cohorts of Mecp2+/2 mice either at
12 weeks of life or at 22 weeks of life using the three-chamber
assay for sociability. This test is a validated assay for
social approach behavior in mice and has been useful in unco-
vering alterations in social behavior in mouse models of
autism (44–46).

When tested for social approach behavior toward a novel
mouse versus a novel object, we first compared the amount
of time mice spent investigating a novel mouse versus a
novel object within a genotype. We then compared whether
there was a difference across genotypes in the time spent in-
vestigating a novel mouse, and in the time spent investigating
a novel object. Both FVB.129F1 Mecp2+/2 and wild-type lit-
termate mice at 12 weeks of life spent more time investigating
a novel mouse compared with a novel object [Mecp2+/2,
F(1,19) ¼ 8.80, P , 0.05; wild-type, F(1,19) ¼ 62.52, P ,
0.001]. Compared with wild-type littermate mice,
FVB.129F1 Mecp2+/2 mice spent less time investigating a
novel mouse [F(1,18) ¼ 24.77, P , 0.001] (Fig. 4A), but a
similar amount of time investigating a novel object. These
results were confirmed in a separate cohort of animals at 22
weeks of life [time spent with mouse versus object,
Mecp2+/2, F(1,23) ¼ 8.17, P , 0.05; wild-type, F(1,19) ¼
24.90, P , 0.001; time spent with mouse across genotypes,
F(1,21) ¼ 8.65, P , 0.05] (Fig. 4B). In contrast, 129.B6F1
Mecp2+/2 mice at 12 weeks of life were different from wild-
type littermates in that they spent an equal amount of time in-
vestigating either a novel mouse or a novel object (Fig. 4C),
and showed a significant decrease in social approach behavior
toward novel mice only at 22 weeks of life [time spent with

Figure 2. Mecp2+/2 mice display motor impairments at a later age. At 7
weeks of life, F1 hybrid Mecp2+/2 mice of both backgrounds travel a
similar distance compared with their respective wild-type littermates (A and
B), and display normal horizontal (C and D) and vertical (E and F) activities
in an open field. At 17 weeks of life, however, Mecp2+/2 mice of both back-
grounds travel less than their respective wild-type littermates (A and B) and
show a reduction in horizontal (C and D). Only FVB.129F1 Mecp2+/2

mice show reduced vertical activity (E and F). Mecp2+/2 mice of both back-
grounds display a greater number of footslips in the gridwalking test compared
with their respective wild-type littermates (G and H), further confirming motor
dysfunction as the number of footslips is normalized to the total distance trav-
eled. ∗P , 0.05; ∗∗P , 0.001; ns, not significant.
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mouse across genotypes, F(1,17) ¼ 8.56, P , 0.05] (Fig. 4D).
It is noteworthy that 129.B6F1 Mecp2+/2 mice at 22 weeks of
life also showed a decrease in the amount of time spent inves-
tigating a novel object [F(1,17) ¼ 8.15, P , 0.05]. The time
mice spent in each chamber (either mouse, center or object
chamber), in addition to the control measurements performed
during the habituation and test phases at both time points, is
described in Supplementary Material, Figures S3 and S4.

Mecp21/2 mice show deficits in contextual fear memory
and passive avoidance learning

One hallmark of MeCP2 dysfunction is impaired cognition.
For example, intellectual disability is a prominent clinical
feature of typical RTT, and women with MECP2 mutations
that do not meet the diagnostic criteria for RTT also display
learning disabilities that range from mild to severe (47–50).
Impaired learning and memory is also apparent in male mice
harboring either a Mecp2-null (12) or Mecp2-mutant allele
(51). We therefore evaluated Mecp2+/2 mice and their wild-
type littermates for fear conditioning and passive avoidance
learning. We found that Mecp2+/2 mice of both genetic
backgrounds displayed a deficit in contextual fear memory
[FVB.129F1, F(1,22) ¼ 4.78, P , 0.05; 129.B6F1,

F(1,17) ¼ 7.20, P , 0.05], but normal cued fear memory
(Fig. 4E and F). This deficit is not due to differences in re-
sponse to shock because Mecp2+/2 mice and wild-type litter-
mates respond equally to different shock intensities
(Supplementary Material, Fig. S5A and B). In the passive
avoidance task, no differences were observed among geno-
types for both strain backgrounds during the training day.
Mecp2+/2 mice of both genetic backgrounds, however,
showed a decreased latency to enter the dark compartment
[FVB.129F1, U(1) ¼ 49.5, Z ¼ 22.03, P , 0.05; 129.B6F1,
U(1) ¼ 31.5, Z ¼ 21.96, P ¼ 0.05] (Fig. 4G and H). Differ-
ences were also observed for the number of animals that suc-
cessfully learned to associate the shock with the dark
compartment. Fewer FVB.129F1 Mecp2+/2 mice (�42%, 5/
12) compared with wild-type littermates (�79%, 11/14)
remained in the lit side [X2 ¼ 3.72, P ¼ 0.05]. Similarly,
fewer 129.B6F1 Mecp2+/2 mice (�64%, 7/11) compared
with wild-type littermates (100%, 9/9) remained in the lit
side [X2 ¼ 4.09, P , 0.05]. Because we were interested in
the behavior of animals that remained in the lit side during
the test, we measured freezing behavior and the number of
approaches toward the dark compartment. Of the two
genetic backgrounds, FVB.129F1 Mecp2+/2 mice were
more active in the lit side during the duration of the test

Figure 3. Mecp2+/2 mice show deficits in the ASR and enhanced PPI of the startle response, and have abnormal thermal nociception. The ASR is reduced in
FVB.129F1 Mecp2+/2 mice at 7 and 20 weeks of life (A) and in 129.B6F1 Mecp2+/2 mice at 20 weeks of life (B). At these ages, FVB.129F1 Mecp2+/2 mice
show enhanced PPI of the ASR compared with wild-type littermates (C), whereas 129.B6F1 Mecp2+/2 mice have normal PPI compared with wild-type litter-
mates (D). At 52 weeks of life, 129.B6F1 Mecp2+/2 mice have an ASR deficit and show enhanced PPI compared with wild-type littermates (B and D). In the hot
plate test, Mecp2+/2 mice of both backgrounds respond slower when placed on a 508C heated metal surface compared with wild-type littermates, indicating
reduced pain sensitivity (E and F). ∗P , 0.05; ∗∗P , 0.001; ns, not significant.
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compared with wild-type littermates [U(1) ¼ 8.50, Z ¼
22.17, P , 0.05], and made a greater number of approaches
toward the dark compartment [U(1) ¼ 6.00, Z ¼ 22.57,
P , 0.05] (Supplementary Material, Fig. S5C–F).

Mecp21/2 mice of a reciprocal genetic strain background
show similar phenotypic defects

Because of the possibility that there may be an interaction
between genetic strain background and maternal genotype

on the neurobehavioral phenotypes studied, we sought to
control for a possible maternal effect and generated a separate
cohort of animals of a 129.FVBF1 background by breeding
129S6/SvEv Mecp2+/2 females to FVB/N wild-type males.
These mice were tested in select assays for anxiety-like behav-
ior, motor dysfunction, social behavior, sensorimotor gating
and learning and memory (see Supplementary Material,
Methods). We found that 129.FVBF1 Mecp2+/2 mice had
exactly the same phenotypes as FVB.129F1 Mecp2+/2 mice
(Supplementary Material, Fig. S6).

Figure 4. F1 hybrid Mecp2+/2 mice have altered social behavior, and impaired contextual fear memory and passive avoidance learning. At 12 weeks of life,
FVB.129F1 Mecp2+/2 and wild-type littermate mice spend more time investigating a novel mouse compared with a novel object. However, FVB.129F1
Mecp2+/2 spend less time investigating a novel mouse, and investigate a novel object similarly compared with wild-type animals (A). In contrast,
129.B6F1 Mecp2+/2 mice show no preference for a novel object or mouse, whereas wild-type littermates spend more time investigating a novel mouse com-
pared with a novel object. Across genotypes, no difference is observed in the time spent investigating a novel mouse (C). Similar to the findings at 12 weeks of
life, at 22 weeks of life FVB.129F1 Mecp2+/2 and wild-type littermate mice spend more time investigating a novel mouse compared with a novel object, and
FVB.129F1 Mecp2+/2 mice spend less time investigating a novel mouse. No difference was observed in the time spent investigating a novel object (B). Simi-
larly, 129.B6F1 Mecp2+/2 and wild-type littermate mice spend more time investigating a novel mouse compared with a novel object. However, 129.B6F1
Mecp2+/2 mice spend less time investigating both the novel mouse and the novel object (D), due to reduced motor activity in the three-chamber apparatus
(Supplementary Material, Fig. S4). Mecp2+/2 mice of both F1 hybrid backgrounds compared with wild-type littermates freeze less in a test for contextual
fear memory but not cued fear memory (E and F). In the passive avoidance learning task, no differences among genotypes were observed for the latency to
enter the dark compartment during the training phase (G and H). However, during the test phase, Mecp2+/2 mice of both F1 hybrid backgrounds compared
with their respective littermates showed a decrease in the latency to enter the dark compartment (G and H). ∗P , 0.05; ∗∗P , 0.001; ns, not significant.
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Breathing abnormalities are detectable in young Mecp21/2

mice

Breathing irregularities are a key feature of typical RTT
(52,53), and several studies have demonstrated breathing ab-
normalities in male mice lacking MeCP2 (22,23,54–56).
Four reports of formal breathing measurements have docu-
mented abnormalities in female Mecp2+/2 mice that were
older than 2.6 months of life (9,22,23,25). To determine
whether breathing problems were present in younger mice,
we examined the number of apneas and the respiratory rate
in Mecp2+/2 mice of both F1 hybrid genetic backgrounds at
�7 weeks of life. Classification of apneas as breaths which
had an expiratory phase greater than 1 s (25) did not identify
a substantial number of apneas in either wild-type or
Mecp2+/2 mice (data not shown). In contrast, using a
method in which apneic breaths were defined by the degree
to which they exceeded both global and local average exhal-
ation time, we found that Mecp2+/2 mice compared with
wild-type littermates had a greater number of apneas per
1000 breaths [FVB.129F1, F(1,49) ¼ 12.91, P , 0.001;
129.B6F1, F(1,34) ¼ 7.42, P , 0.05] (Fig. 5A and C) but
showed normal respiration (Fig. 5B and D). A breathing
trace of a representative apnea is shown in Fig. 5E. These find-
ings demonstrate that disordered breathing in Mecp2+/2 mice
is apparent at younger ages than previously reported.

Increased weight gain in female Mecp21/2 mice
is influenced by strain background and correlates
with MeCP2 levels

Although typical RTT individuals have reduced weight gain,
some disease-causing MECP2 mutations have been reported
in females with increased weight (48,57,58). Work in
MeCP2 conditional knock-out mouse models have demon-
strated that the loss of MeCP2 in hypothalamic Sim1-positive
neurons causes abnormal weight gain (59). Abnormal weight
in MeCP2 mouse models also appears to be strongly influ-
enced by genetic strain background. Specifically, male Mecp2-
null (9) and -mutant animals (29) of a pure C57BL/6 are
lighter, whereas male animals harboring the same Mecp2
alleles on other genetic strain backgrounds are overweight
(56). Because work in MeCP2 mouse models have under-
scored the role of MeCP2 in the homeostatic regulation of
this particular phenotype, we monitored the weight of
FVB.129F1 and 129.B6F1 Mecp2+/2 animals from 5 weeks
of life through 22 weeks of life. We found that FVB.129F1
Mecp2+/2 animals are heavier starting at 8 weeks of life
through 22 weeks of life [F(8,192) ¼ 2.86, P , 0.001]
(Fig. 6A); in contrast, 129.B6F1 Mecp2+/2 animals do not
show abnormal weight throughout this period (Fig. 6B).
However, 129.B6F1 Mecp2+/2 mice at 52 weeks of life are
indeed overweight [Mecp2+/2 ¼ 49.9 g+ 2.8 g, wild-type ¼
35.0 g+ 2.0; F(1,22) ¼ 17.35, P , 0.001].

Previous work demonstrated a correlation between non-
random XCI and abnormal phenotypes in female mice harbor-
ing a Mecp2-mutant allele (60), raising the question of
whether a similar correlation exists in females harboring an
Mecp2-null allele. Among the phenotypes tested in this
study, weight gain is one physiological parameter that is

clearly sensitive to MeCP2 dysfunction in the hypothalamus
(59). Therefore, we asked whether hypothalamic Mecp2 ex-
pression levels influenced weight. Mecp2 levels in the hypo-
thalami of F1 hybrid Mecp2+/2 animals compared with
their respective wild-type littermates were reduced as expected
(Fig. 6C and E). Due to variation in XCI patterns, the distribu-
tion of Mecp2 levels ranged from �40 to �85% of wild-type
levels in FVB.129F1 Mecp2+/2 mice (Fig. 6C) and �55 to
�85% of wild-type levels in 129.B6F1 Mecp2+/2 mice
(Fig. 6E). Examination of Mecp2 levels and weight together
revealed that increased weight gain negatively correlated
with Mecp2 levels in FVB.129F1 mice (Fig. 6D), but not in
129.B6F1 mice that are not overweight at this time point
(Fig. 6F). We also examined the expression levels of Somato-
statin, a gene previously identified as being sensitive to
MeCP2 in the hypothalamus (5,61), and known to play a
role in body weight homeostasis (62). Similar to the observa-
tion in male Mecp2-null mice, we found that Sst was reduced
in Mecp2+/2 mice (Fig. 6G and I). In addition, Sst levels posi-
tively correlated with Mecp2 levels in both genetic back-
grounds (Fig. 6H and J). Together, these data suggest that
MeCP2 influences only weight in female mice when the
mutant allele is present on an FVB.129F1 background.

DISCUSSION

Women and girls with typical RTT suffer from several neuro-
logical and physiological problems that occur early in life and
persist throughout adulthood. Studies using MeCP2 mouse
models have focused on the absence of normal MeCP2 func-
tion in male mice, avoiding the confounding effects of variable
XCI in female mice, which is also documented as a cause of
phenotypic variation in RTT (63,64). Although we did
indeed find variable MeCP2 expression in Mecp2+/2 mice,
our data suggest that while variation in XCI patterns modu-
lates phenotypes and gene expression changes, they are not
sufficient to compromise their penetrance. In this study, we
uncovered multiple robust and reproducible phenotypes in
female FVB.129F1 and 129.B6F1 Mecp2+/2 mice (Supple-
mentary Material, Table S1). It is noteworthy that many of
these findings were observed at young ages, and occurred
much earlier than previously reported in some cases, such as
breathing abnormalities (9,22,23,25).

Animal models of neurological disorders serve as one of the
most valuable tools for the discovery of potential therapies. An
important step toward the end goal of ameliorating disease
phenotypes in affected individuals is the design and successful
implementation of pre-clinical trials in such animal models.
Surprisingly, very little is known about the onset and progres-
sion of several neurobehavioral deficits in female Mecp2+/2

mice. The existing data on female Mecp2tm1.1Bird

(Mecp2+/2) mice are sparse, with only eight studies docu-
menting phenotypic defects such as poor health, breathing ab-
normalities, motor dysfunction and defects in early postnatal
neurological reflexes (Supplementary Material, Table S2).
By showing that female Mecp2tm1.1Bird mice (Mecp2+/2)
have excellent face validity for several neurobehavioral fea-
tures present in typical RTT, we demonstrate a number of
quantifiable, independent phenotypes that can be used as
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outcome measures in pre-clinical trials. We also show that
some phenotypes are not reproducible across the two genetic
backgrounds studied, or are only reproducible at certain time
points, suggesting that the phenotypes used as readouts and
the genetic background of animals studied in future pre-
clinical trials should be carefully selected. It is noteworthy
that, for a select number of assays, we observed similar
results in both FVB.129F1 and 129.FVBF1 mice, indicating
that maternal genotype does not affect these particular pheno-
types for this Mecp2 allele.

Among the robust and reproducible phenotypes we identi-
fied, we found that F1 hybrid Mecp2+/2 mice displayed
normal motor function at a young age, and motor deficits in
adulthood, which is one of the most consistently reported phe-
notypes in Mecp2 loss-of-function models (20,21). The pro-
gressive decline in motor function is a hallmark of typical
RTT and is faithfully reproduced in the mouse; thus, it can
likely be used as one primary outcome measure in pre-clinical
trials. In contrast, decreased ASR and enhanced PPI are two
examples of outcome measures that may be less ideal for pre-
clinical studies. FVB.129F1 Mecp2+/2 mice displayed these
phenotypic abnormalities during early and later stages of
life, whereas 129.B6F1 Mecp2+/2 mice showed these
defects at only a late-stage time point. Although decreased
acoustic startle and enhanced PPI are present across the two
genetic background strains studied, more work is needed to
determine whether these readouts are sufficiently robust for
use in pre-clinical work.

In regards to social behavior abnormalities in RTT, some
studies suggest that the social behavior deficits identified in
some RTT cases improve with age (65), yet recent evidence
shows that some impairments persist throughout adulthood
(43). Our work demonstrates altered social behavior in
female Mecp2+/2 mice, but the interpretation of social behav-
ior data is complex and warrants some discussion. The three-

chamber data suggest that only 129.B6F1 Mecp2+/2 mice
display an impairment at 12 weeks of life, as these animals
showed no difference in the time spent with either the novel
mouse or object, and that 12- and 22-week-old FVB.129F1,
and 12-week-old 129.FVBF1 Mecp2+/2 mice are social
because they spend more time investigating a novel mouse
compared with a novel object. An additional interpretation
of the three-chamber data, however, suggests a relative reduc-
tion in social approach behavior in Mecp2+/2 mice of these
two reciprocal F1 isogenic strains, given that the time
mutants spent sniffing/investigating novel mice is reduced
compared with wild-type mice. This interpretation is reliable
for 12-week-old FVB.129F1 and 129.FVBF1 F1 Mecp2+/2

mice, but less so for 129.B6F1 Mecp2+/2 mice. 129.B6F1
Mecp2+/2 mice at 12 weeks do not show a relative reduction
in the time spent investigating novel mice compared with
wild-type littermates, and at 22 weeks these animals have
reduced motor activity in the apparatus which makes the three-
chamber data for these mice at this later time point difficult to
interpret. Therefore, we caution investigators to take into con-
sideration the disease progression of Mecp2+/2 female mice
of different strain backgrounds in the analysis of social behav-
ior phenotypes. Of note, unlike some studies that have
reported a correlation between the time spent in the
chamber, and the time spent investigating/sniffing either a
novel mouse or object (66), we did not observe such a positive
correlation in any of our F1 hybrid lines.

Other phenotypes uncovered in our work that were not previ-
ously reported in female Mecp2+/2 mice include decreased re-
action to conductive heat, impaired contextual fear memory and
a deficit in passive avoidance learning. Decreased reaction to
conductive heat in Mecp2+/2 mice is consistent with the find-
ings in male mice with a 50% reduction in MeCP2 (42). Al-
though the relationship between MeCP2 function and pain
sensitivity is unclear, it is known that RTT individuals have an

Figure 5. Mecp2+/2 mice show breathing abnormalities at 7 weeks of life. FVB.129F1 Mecp2+/2 mice of both F1 hybrid backgrounds show an increase in the
number of apneas per breath (A and C), but a normal breathing rate (B and D). (E) A representative breathing trace displaying an apnea is shown, with the arrow
indicating the breath preceding the occurrence of an apnea. ∗P , 0.05; ∗∗P , 0.001; ns, not significant.
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abnormal pain response (67). Further work on the regulation
of pain sensitivity in animals that lack MeCP2 is needed to
understand the etiology of nociceptive defects in RTT.

The deficit observed in contextual fear memory is consistent
with a previous study of male mice lacking MeCP2 (12), and
male Mecp2tm1Hzo mice; however, passive avoidance learning
has not been previously performed in any MeCP2 mouse
model. These data suggest a defect in hippocampal-dependent
memory, consistent with the finding of synaptic plasticity
defects in Mecp2+/2 mice (68). Together, these new findings
in Mecp2+/2 mice contribute to the list of phenotypes that
may be used as outcome measures when implementing
pre-clinical studies.

Finally, to complement our neurobehavioral studies, we mon-
itored physiological parameters such as breathing and weight.

Abnormal respiration is a hallmark of typical RTT, and
several studies have shown an increase in apneas in male
Mecp22/y and female Mecp2+/2 mice (69). Consistent with
previous reports of increased apneas in older Mecp2+/2 mice
(22,25), we now show that young F1 hybrid Mecp2+/2 mice
display a similar breathing abnormality. These findings demon-
strate the reproducibility of this specific phenotype at a younger
age and in different genetic backgrounds, highlighting the reli-
ability of increased apneas in Mecp2+/2 mice as a useful
outcome measure. In terms of weight, we found increased
weight in FVB.129F1, but not 129.B6F1 Mecp2+/2 mice at
22 weeks of life, suggesting that weight gain at this time point
may not be an appropriate outcome measure in pre-clinical
studies. Obesity has been reported in the preserved speech
variant of RTT and other individuals that carry a disease-causing

Figure 6. Early weight gain is observed in FVB.129F1 Mecp2+/2 mice and negatively correlates with the level of MeCP2 expression. FVB.129F1 Mecp2+/2

mice are heavier compared with wild-type littermates starting at 8 weeks and through 22 weeks of life (A), whereas weight is normal in F1 hybrid 129.B6
Mecp2+/2 mice compared with wild-type littermates during this period (B). Hypothalamic Mecp2 levels of both wild-type and Mecp2+/2 mice for each F1
hybrid genetic background is shown; although significantly decreased in female Mecp2+/2 mice, some variation in the levels is observed (C and E). The
levels of hypothalamic Mecp2 are negatively correlated with weight in FVB.129F1 (D), but not 129.B6F1 Mecp2+/2 mice (F). Sst expression is down-regulated
in Mecp2+/2 mice (G and I). The levels of Sst positively correlate with the levels of Mecp2 in the hypothalamus from both F1 hybrid lines (H and J). ∗P , 0.05;
∗∗P , 0.001; ns, not significant.
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MECP2 mutation but do not meet the criteria for typical RTT
(48,57). In the MeCP2 loss-of-function mouse model, abnormal
weight gain is heavily influenced by genetic background (9), and
our work demonstrates that the C57BL/6 background likely
modifies weight gain in young female Mecp2+/2 mice. To de-
termine whether XCI patterns vary in adult female Mecp2+/2

mice, we examined the expression of Mecp2 transcript in a spe-
cific brain region known to control weight gain (59). Instead of
the expected 50% of wild-type levels, we found Mecp2 levels to
vary from �40 to 85% in Mecp2+/2 mice. Interestingly, of the
two genetic backgrounds, we found a negative correlation
between Mecp2 expression and increased weight gain in
FVB.129F1 animals, and a positive correlation between
Mecp2 expression and the expression of the neuropetide Sst in
the hypothalamus. Additional correlation analyses of Mecp2 ex-
pression in brain regions related to specific phenotypic abnor-
malities in Mecp2+/2 mice will provide further insight into
how variable Mecp2 expression influenced by XCI patterns
affects disease severity.

Genetic background effects were observed in both the onset
of phenotypes, such as impaired social behavior, enhanced PPI
and increased weight gain, and the manifestation of pheno-
types, such as reduced corticosterone levels in response to
stress. Pinpointing such genetic background differences will
aid investigators in choosing the proper genetic background
when evaluating new therapies that may impact specific phe-
notypes. In addition, the finding that female Mecp2+/2 mice
of two F1 hybrid backgrounds are less anxious, which is in
contrast to the heightened anxiety in RTT individuals, under-
scores the notion that ablation of normal MeCP2 function in
the mouse may reproduce many, but not necessarily all, of
the features present in the human disorder. Decreased anxiety-
like behavior was documented in male mice expressing either
a constitutive Mecp2-null allele (12) or a hypomorphic
Mecp2Flox allele (42), and in male and female mice that
harbor the Mecp2tm1.1Jae allele (29). The fact that we found
reduced anxiety-like behavior in Mecp2+/2 mice of two F1
hybrid backgrounds at 5 weeks of life is in agreement with
these studies and could be attributed to reduced signaling of
components in the hypothalamic-pituitary axis, as Cortico-
sterone receptor hormone, the neuropeptide gene involved in
anxiety, is reduced in Mecp2null/y animals (5).

In conclusion, Mecp2+/2 mice recapitulate multiple fea-
tures observed in typical RTT. Our study is the first to
provide a comprehensive overview of neurobehavioral and
physiological phenotypes of female Mecp2tm1.1Bird mice of
two different genetic backgrounds. It is also the first report
to examine some of these phenotypes over time. Our findings
suggest the phenotypic defects consistently observed across
these two different genetic backgrounds may serve as the
strongest readouts for pre-clinical studies. Previous studies
that used specific compounds to improve phenotypes in
Mecp2tm1.1Bird mice relied on a limited number of phenotypes
(25,70). As we plan to translate studies from mouse models to
human patients, it is important to identify compounds that
affect as many of the RTT-like phenotypes as possible in pre-
clinical studies. Furthermore, establishing that such pheno-
types can be improved on more than one genetic background
will increase the likelihood of success in the highly heteroge-
neous clinical population.

MATERIALS AND METHODS

Animal husbandry

Mice were maintained on a 12 h light:12 h dark cycle with
standard mouse chow and water ad libitum. F1 hybrid FVB/N
× 129S6/SvEv (FVB.129F1) animals were generated by
mating female Mecp2+/2 mice of a pure FVB/N background
to wild-type male mice of a pure 129SvEv background
(Taconic Farms, Inc., Germantown, NY, USA), and F1 hybrid
129S6/SvEv × C57BL/6 (129.B6F1) animals were generated
by mating female Mecp2+/2 mice of a pure 129S6/SvEv back-
ground to wild-type male mice of a pure C57BL/6 background
(Jackson Laboratories, Bar Harbor, ME, USA). The Mecp2
allele used in this study was the Mecp2tm1.1Bird allele, which
lacks exons 3 and 4, and generates a true Mecp2-null allele
(9). Animals were housed four to five animals per cage, and
were weighed weekly starting at 5 weeks of life through 22
weeks of life. All research and animal care procedures were
approved by the Baylor College of Medicine Institutional
Animal Care and Use Committee.

Test cohorts

A total of 232 animals separated into five independent test
cohorts were used for neurobehavioral and physiological
studies. The first test cohort consisted of 46 animals (n ¼ 13
FVB.129F1 Mecp2+/2, n ¼ 14 wild-type littermates, n ¼ 10
129.B6F1 Mecp2+/2 and n ¼ 9 wild-type littermates) that
were tested with the following assays at the indicated time
points: elevated plus maze, 5 weeks; light–dark box exploration
task, 6 weeks; open field, 7 weeks; ASR and PPI of ASR, 7
weeks; fear conditioning, 8 weeks; open field, 17 weeks; grid-
walking/footslip, 17 weeks; ASR and PPI, 20 weeks; three
chamber, 22 weeks; and hot plate, 22 weeks. One FVB.129F1
Mecp2+/2 mouse died unexpectedly at 8 weeks of life. The
second test cohort consisted of 46 animals (n ¼ 12 FVB.129F1
Mecp2+/2, n ¼ 14 wild-type littermates and n ¼ 10 129.B6
Mecp2+/2 and n ¼ 10 wild-type littermates) that were tested
with the following assays at the indicated time points: ASR, 7
weeks; three chamber, 12 weeks; olfaction, 12 weeks; and
passive avoidance learning, 14 weeks. A subset of these
animals (n ¼ 5 per genotype per strain background) were used
in foot shock control tests at the end of 14 weeks of life. The
third test cohort consisted of 85 animals that were tested for
breathing abnormalities at 7 weeks (n ¼ 25 FVB.129F1
Mecp2+/2 and n ¼ 25 wild-type littermates, and n ¼ 21
129.B6 Mecp2+/2 and n ¼ 14 wild-type littermates). The
fourth test cohort consisted of 23 129.B6 animals tested for
ASR and weight at 52 weeks of life (n ¼ 13 129.B6 Mecp2+/2

and n ¼ 10 wild-type littermates). The fifth test cohort consisted
of 12 animals used for baseline serum corticosterone measure-
ments (n ¼ 3 per genotype per strain background), and 20
animals used for stress-induced serum corticosterone measure-
ments (n ¼ 5 per genotype per strain background).

Neurobehavioral assays

The majority of neurobehavioral assays were performed as
previously described (28,41,42,59,71,72), with slight modifi-
cations in some cases.
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Elevated plus maze
Animals were habituated to the test room (150 lux, 60 dB
white noise) for 30 min. After the habituation period,
animals were placed in the center of a maze consisting of
two arms (each arm 25 × 7.5 cm) enclosed by approximately
15 cm high walls, and two open arms (each arm 25 ×
7.5 cm, with a raised 0.5 cm lip around the edges) elevated
50 cm above ground level; the arms of the maze were equidis-
tant from the center platform. The amount of time animals
spent in the open arms, the number of arm entries and the
total distance traveled were recorded for 10 min using a
camera and detection software (ANY-maze video tracking
system, Stoelting Co., Wood Dale, IL, USA).

Light–dark box exploration task
Animals were habituated to the test room (150 lux, 60 dB
white noise) for 30 min. After the habituation period,
animals were placed in the lit side (36 × 20 × 26 cm) of a
chamber separated by dark side, which was a covered black
plastic chamber (15.5 × 20 × 26 cm) containing a 10.5 ×
5 cm opening. The amount of time animals spent in the lit
side and the number of transitions were recorded for 10 min
using a handheld computer (Psion Workabout mx, Psion Tek-
logix, Inc., Hebron, KY, USA); data acquisition was per-
formed using the Observer program (Noldus Information
Technologies, Leesburg, VA, USA).

Open field
Animals were habituated to the test room (150 lux, 60 dB white
noise) for 30 min. After the habituation period, animals were
placed in the center of a 40 × 40 × 30-cm chamber equipped
with photobeams (Accuscan, Columbus, OH, USA) to record
activity during a 30 min test period.

Three-chamber test for sociability
Novel partner mice were placed within a small wire cage as pre-
viously described (28,41) to habituate them to their test environ-
ment, these animals were placed randomly in either the left or
right test chamber for �30 min to 1 h per day for at least 2 con-
secutive days prior to the actual test day. On the day of testing,
test animals were first habituated to the test room for 30 min
(150 lux, 60 dB). A test for side preference was then performed
by placing the test animals in the center of the three-chamber ap-
paratus. The entries to either the left or right chambers were un-
obstructed during the side preference test, allowing animals to
freely explore and spend time in all three chambers. The time
spent in each chamber was measured for 10 min. Next, during
the social approach test (novel mouse versus object), the
amount of time test animals spent in all three chambers and
interacting with either a novel mouse or object was measured.
Novel partner mice were randomly assigned in either the left
or right chamber to avoid the potential of a side bias; this was
designed in a manner to expose half of each test subject genotype
(Mecp2+/2 mice or wild-type littermates) to a novel mouse in
the left chamber, and the remaining half of each test subject
genotype to a novel mouse in the right chamber.

Olfaction
A test for olfaction was performed as previously described
(41). Animals were habituated to the test room (ambient

lighting) for 30 min. After the habituation period, animals
were individually placed into standard housing cages. A
cotton swab was presented to the animals through the cage
top; animals were allowed to habituate to this environment
for at least 20 min. The cotton swab was then replaced with
a new cotton swab with either 60 ml of vanilla or water
placed on the tip. The amount of time animals spent sniffing
the cotton swab was measured for 2 min. Following an inter-
trial interval (5 min), the swab was replaced with another
cotton swab with the opposite scent used in the first trial.
The amount of time animals spent sniffing the cotton swab
during both trials was recorded for 2 min using a handheld
computer (Psion Workabout mx, Psion Teklogix Inc.,
Hebron, KY, USA); data acquisition was performed using
the Observer program (Noldus Information Technologies,
Leesburg, VA, USA). Odors were presented in random order
(vanilla then water, or water then vanilla) to ensure that the ol-
faction testing was specific to the vanilla-scented swab.

Grid-walking/footslip test
Animals were habituated to the test room (ambient lighting)
for 30 min. After the habituation period, animals were indi-
vidually placed into the center of a wire grid laid within an
open-field chamber (Accuscan, Columbus, OH, USA). The
number of both fore- and hindpaw slips through the wire
grid and the total distance traveled were recorded for 5 min.
The data shown are the number of slips normalized to the
total distance traveled.

ASR and PPI of ASR
The ASR and PPI of the ASR were measured as previously
described (41,42). To determine ASR to sound ranging from
78 to 118 dB, a total of 13 sounds (0 and 78–118 dB in 4 dB
increments) were randomly presented, and activity was
recorded as previously described using a startle chamber for
mice (SR-Lab, San Diego Instruments, San Diego, CA, USA)
(41,42).

Hot plate
Animals were placed on a metal surface heated to 558C (Hot-
Plate Analgesia Meter, Columbus Instruments, Columbus,
OH, USA). The latency to respond was recorded as previously
described (42).

Pavlovian fear conditioning
Contextual and cued fear conditioning was performed as pre-
viously described with a shock intensity level of 0.7 mA
(41,42). Animals are first exposed to two successive rounds
of a conditioned stimulus-unconditioned stimulus pair
(80 dB sound, followed by a mild foot shock), then are
tested 24 h later for both contextual memory, which is hippo-
campal dependent, and cued memory, which is hippocampal
and amygdalar dependent. Footshock control tests were per-
formed as previously described (73).

Passive avoidance learning
Passive avoidance learning, a similar learning and memory
task that involves contributions from both the hippocampus
and amygdala, was performed using a two-day assay as previ-
ously described (74). In this task, animals placed in a brightly
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lit side of a two compartment chamber receive a mild foot
shock upon entering the dark compartment (74). Animals are
returned to the chamber 24 h later and tested to determine
whether they successfully remembered to associate the shock
with the dark compartment. For animals that remained in the
lit side on the second day of testing, activity was manually
recorded. The number of approaches toward the dark compart-
ment was scored, and freezing behavior indicated by the com-
plete lack of movement was scored every 30 s for the duration
of the test.

Corticosterone studies

Serum corticosterone levels were determined as described pre-
viously (71). Briefly, basal corticosterone levels were obtained
from animals that were undisturbed for at least 12 h.
Stress-induced corticosterone levels were obtained from
animals restrained in 50 ml conical tubes for 30 min. For
both test measurements, animals were rapidly decapitated
after the indicated time period. Trunk blood was collected
and placed in 1.5 ml conical tubes on ice for at least 30 min.
Blood was centrifuged at a maximum speed for 10 min.
Serum was collected and analyzed using an enzyme-linked im-
munoassay (IDS, Inc., Scottsdale, AZ, USA).

Unrestrained whole-body plethysmography and data
analysis

Mice were allowed to acclimate for 20 min in unrestrained
whole-body plethysmography chambers (Buxco, Wilmington,
NC, USA) with a continuous flow of fresh air as described pre-
viously (56), and baseline breathing was then recorded for
30 min. Breath waveforms were captured using Biosystem XA
software (Buxco, USA) and processed in Matlab (Mathworks,
Natick, MA, USA). Apneic breaths were defined for each
mouse as breaths whose TE (exhalation time) exceeded both
the global average TE for the recording period by 3-fold and
the local average TE (5-breath window, centered on the
breath) by 2-fold.

Statistical analysis of behavioral and physiological data

Statistical analysis of data was performed using SPSS (version
19). Data from elevated plus maze, light–dark box explor-
ation, open field, gridwalking/footslip, acoustic startle, PPI,
hot plate, fear conditioning and breathing were analyzed
using a one-way analysis of variance (ANOVA) with genotype
as a factor. Weight was analyzed using a one-way ANOVA
with repeated measures. Data from passive avoidance learning
were analyzed using Mann–Whitney U non-parametric tests.
Data related to the three-chamber test were analyzed using a
one-way ANOVA with genotype as a factor to first determine
within-genotype differences, then to determine between-
genotype differences.

RNA, cDNA synthesis and quantitative real-time reverse
transcriptase (QRT-PCR)

Total RNA using Trizol (Invitrogen, Carlsbad, CA, USA) was
extracted from the hypothalami of FVB.129F1 and 129.B6F1

Mecp2+/2 mice and wild-type littermates of both genetic
backgrounds (Test cohort 1, at the end of 22 weeks of life:
FVB.129F1 Mecp2+/2 mice, n ¼ 12 and wild-type litter-
mates, n ¼ 14; 129.B6F1 Mecp2+/2 mice, n ¼ 10 and wild-
type littermates, n ¼ 9), and column purified using RNeasy
mini kits (Qiagen, Valencia, CA, USA). Three micrograms of
RNA was used to synthesize cDNA according to the manufac-
turer’s protocol (Invitrogen, Carlsbad, CA, USA). QRT-PCR
was performed as previously described using PerfeCTa qPCR
FastMix (Quanta Biosciences, Inc., Gaithersburg, MD, USA)
(72). Mecp2 expression levels were quantified using previously
published primers (42). Sst levels were quantified using the fol-
lowing primers: forward, 5′-CCCAGACTCCGTCAGTTTCT
-3′, reverse, 5′-GAAGTTCTTGCAGCCAGCTT-3′. Expression
levels were normalized to S16. Significant differences were
determined using paired t-tests. Correlation analyses were per-
formed using Matlab (Mathworks, Natick, MA, USA).
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Wagner, M. (2008) Impaired sensorimotor gating of the acoustic startle
response in the prodrome of schizophrenia. Biol. Psychiatry, 64, 766–773.

40. Moretti, P., Bouwknecht, J.A., Teague, R., Paylor, R. and Zoghbi, H.Y.
(2005) Abnormalities of social interactions and home-cage behavior in a
mouse model of Rett syndrome. Hum. Mol. Genet, 14, 205–220.

41. Chao, H.-T., Chen, H., Samaco, R.C., Xue, M., Chahrour, M., Yoo, J.,
Neul, J.L., Gong, S., Lu, H.-C., Heintz, N. et al. (2010) Dysfunction in
GABA signalling mediates autism-like stereotypies and Rett syndrome
phenotypes. Nature, 468, 263–269.

108 Human Molecular Genetics, 2013, Vol. 22, No. 1

 by guest on A
ugust 2, 2015

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


42. Samaco, R.C., Fryer, J.D., Ren, J., Fyffe, S., Chao, H.-T., Sun, Y., Greer,
J.J., Zoghbi, H.Y. and Neul, J.L. (2008) A partial loss of function allele of
methyl-CpG-binding protein 2 predicts a human neurodevelopmental
syndrome. Hum. Mol. Genet, 17, 1718–1727.

43. Kaufmann, W.E., Tierney, E., Rohde, C.A., Suarez-Pedraza, M.C.,
Clarke, M.A., Salorio, C.F., Bibat, G., Bukelis, I., Naram, D., Lanham,
D.C. et al. (2012) Social impairments in Rett syndrome: characteristics
and relationship with clinical severity. J. Intellect. Disabil. Res., 56,
233–247.

44. Moy, S.S., Nadler, J.J., Perez, A., Barbaro, R.P., Johns, J.M., Magnuson,
T.R., Piven, J. and Crawley, J.N. (2004) Sociability and preference for
social novelty in five inbred strains: an approach to assess autistic-like
behavior in mice. Genes Brain Behav., 3, 287–302.

45. Jamain, S., Radyushkin, K., Hammerschmidt, K., Granon, S., Boretius, S.,
Varoqueaux, F., Ramanantsoa, N., Gallego, J., Ronnenberg, A., Winter,
D. et al. (2008) Reduced social interaction and ultrasonic communication
in a mouse model of monogenic heritable autism. Proc. Natl Acad. Sci.
USA, 105, 1710–1715.

46. Peça, J., Feliciano, C., Ting, J.T., Wang, W., Wells, M.F., Venkatraman,
T.N., Lascola, C.D., Fu, Z. and Feng, G. (2011) Shank3 mutant mice
display autistic-like behaviours and striatal dysfunction. Nature, 472,
437–442.

47. Lam, C.-W. (2000) Spectrum of mutations in the MECP2 gene in patients
with infantile autism and Rett syndrome. J. Med. Genet., 37, 41e–e41.

48. Zappella, M., Meloni, I., Longo, I., Hayek, G. and Renieri, A. (2001)
Preserved speech variants of the Rett syndrome: molecular and clinical
analysis. Am. J. Med. Genet., 104, 14–22.

49. Carney, R.M., Wolpert, C.M., Ravan, S.A., Shahbazian, M., Ashley-Koch,
A., Cuccaro, M.L., Vance, J.M. and Pericak-Vance, M.A. (2003)
Identification of MeCP2 mutations in a series of females with autistic
disorder. Pediatr. Neurol., 28, 205–211.

50. Huppke, P., Maier, E.M., Warnke, A., Brendel, C., Laccone, F. and
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