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Rett Syndrome is a neurological disorder caused by mutations in the X-linked MECP2 gene. Mouse models
where Mecp2 is inactivated or mutated recapitulate several features of the disorder and have demonstrated a
requirement for the protein to ensure brain function in adult mice. We deleted the Mecp2 gene in ∼80% of
brain cells at three postnatal ages to determine whether the need for MeCP2 varies with age. Inactivation
at all three time points induced Rett-like phenotypes and caused premature death of the animals. We find
two threshold ages beyond which the requirement for MeCP2 markedly increases in stringency. The earlier
threshold (8–14 weeks), when inactivated mice develop symptoms, represents early adulthood in the
mouse and coincides with the period when Mecp2-null mice exhibit terminal symptoms. Unexpectedly, we
identified a later age threshold (30–45 weeks) beyond which an 80% reduction in MeCP2 is incompatible
with life. This finding suggests an enhanced role for MeCP2 in the aging brain.

INTRODUCTION

MeCP2 is a nuclear protein able to bind preferentially to
methylated DNA (1). It is expressed at varying levels in
many different organs, but is particularly abundant in the
brain, where it has been shown, in neurons, to almost coat
the chromosomes (2). The MECP2 gene is located on the X
chromosome and a spectrum of disease-causing mutations
has been described (3). Male patients with a mutation in
MECP2 develop neonatal encephalopathy and do not survive
past 2 years old (4,5). Females carrying one mutated allele
of the gene show mosaic expression of MECP2 due to
random X-inactivation in somatic tissues and develop Rett
Syndrome (RTT), an autistic spectrum disorder that affects 1
in 12 500 girls (6). After 6–18 months of apparently normal
postnatal development, the first manifestation of the syndrome
is a ‘crisis’, often associated with decelerated head growth and
a loss of acquired skills, such as the ability to speak or to walk.
This episode is followed by the occurrence of diverse symp-
toms, which include stereotypic hand movements, balance
and coordination defects, breathing abnormalities, mental re-
tardation, as well as susceptibility to seizures and scoliosis
(7–10). These symptoms stabilize during the stationary
phase, which may persist for the lifetime of the patient. In
some cases, however, there is a late motor deterioration

characterized by increasing stiffness and coordination pro-
blems (11). Girls with RTT can survive into middle age or
older, but require intensive support (12,13).

Mice carrying Mecp2 mutations provide useful models to
study RTT. Mecp2-null male mice acquire neurological pheno-
types reminiscent of RTT at �6 weeks after birth, including
hypoactivity, abnormal gait, cognitive defects and breathing pro-
blems, leading to death at �6–12 weeks of age (14,15). Hetero-
zygous female mice also develop RTT-like phenotypes, but much
later than the Mecp2-null male mice (4–12 months of age). The
symptoms are milder than in males and, as in humans, they stabil-
ize allowing survival well into adulthood (14).

Because the onset of symptoms in RTT patients occurs
during postnatal development, coinciding with a period of
intense synaptogenesis (16), RTT has long been considered
a neurodevelopmental disorder. In mouse models, however,
symptoms arise either during adulthood for heterozygous
females or after weaning (3 weeks) for null male mice, sug-
gesting that MeCP2 is not required at a specific developmental
stage (14). This notion is strongly supported by a study dem-
onstrating that reactivation of MeCP2 in symptomatic adult
mice that had developed in its absence resulted in reversal
of the phenotype and re-establishment of health (17).
Defects in long-term potentiation in the hippocampus (17)
and abnormal neuronal morpho-anatomical parameters
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(Robinson et al., in press) are also reversed by MeCP2 restor-
ation in adult mice. Finally, inactivation of the Mecp2 gene in
adult (8-week-old) mice triggers the appearance of RTT-like
phenotypes and death (18). These findings demonstrate that
MeCP2 is required throughout adult life to maintain brain
function.

Levels of MeCP2 protein in the rodent brain increase dra-
matically after birth, reaching a plateau at 5–10 weeks of
age (2,19,20). A significant increase in MeCP2 expression
has also been observed in the cerebellum between 6 weeks
and adulthood (21). The onset of overt neurological symptoms
coincides with this period (4–8 weeks). Given that MeCP2
protein levels appear to be highly regulated during postnatal
development and early adulthood, we wanted to assess
whether Mecp2 is required equally throughout life or
whether there are specific phases when the presence of the
protein is particularly important. To test this, Mecp2 expres-
sion was inactivated in Mecp2lox/y,CreESRT (lox/y,Cre) mice
at 3, 11 and 20 weeks after birth, using the inducible
Cre-ESR/Lox system, and the resulting phenotypes were mon-
itored. We found that Mecp2 inactivation caused the appear-
ance of RTT-like phenotypes and premature death,
independent of the age at inactivation. More importantly, the
time between inactivation and onset of symptoms and death
differed when Mecp2 was deleted during postnatal develop-
ment or during adulthood, revealing the existence of two sen-
sitive age periods centred around 11 weeks old and 39 weeks
old. Beyond each of these ages, the requirement for normal
levels of MeCP2 becomes significantly more stringent.

RESULTS

Tamoxifen-induced recombination at the Mecp2 locus
results in a significant decrease in MeCP2 expression

To assess the importance of Mecp2 at different ages during
postnatal development and adulthood, lox/y,Cre mice and
their control Mecp2lox/y (lox/y) littermates were treated with
tamoxifen for 5 days at three postnatal ages: 3 weeks
(weaning), 11 weeks and 20 weeks (Fig. 1A). Tamoxifen treat-
ment enables the CreESRT protein to translocate into the
nucleus where it causes recombination between loxP sites
and consequent deletion of exons 3 and 4 of the floxed
Mecp2 gene (Fig. 1B). Southern blots of genomic DNA iso-
lated from brain tissue showed two fragments corresponding
to floxed Mecp2 and the deleted alleles, indicating successful
recombination in lox/y,Cre mice. Control littermates lacking
the Cre transgene failed to delete the floxed allele, as did
lox/y,Cre mice injected with corn oil alone (Fig. 1B). Blots
showing Mecp2 deletion also displayed an unexpected 4 kb
band, which was investigated further and found to be the
result of recombination with a partial LoxP site at the 5′ end
of the neo cassette (Supplementary Material, Fig. S1). The
resulting Neo-deleted allele retains the human b-globin final
intron and 3′UTR sequences introduced in the lox/y allele
and is therefore also expected to express Mecp2 at the same
level as the un-recombined allele. Quantification of recombin-
ation, taking the novel DNA fragment into account (see Mate-
rials and Methods), showed that 78–91% of lox/y,Cre brain
cells contained the deleted allele after tamoxifen injection at

all three time points. Average deletion frequencies were not
significantly different between the three groups [Fig. 1C;
87% (3 weeks), 84% (11 weeks) and 82% (20 weeks); P .
0.05]. In approximate agreement with these values, tamoxifen-
treated lox/y,Cre mice expressed MeCP2 protein at 21–25%
of the level seen in lox/y controls (Fig. 1D). Immunofluores-
cence staining was compatible with the view that the fre-
quency of MeCP2 loss in cortical neurons is similar to that
measured in total brain DNA and protein (Supplementary ma-
terial, Fig. S2). We infer that tamoxifen treatment had a
similar effect on the MeCP2 protein levels in lox/y,Cre mice
at all three time points (P . 0.05), as expected when using a
ubiquitously expressed cre transgene (22), and therefore
allows a valid comparison of phenotypic consequences
between the three groups.

Recombination in lox/y,Cre mice was completed by 8 days
after the first tamoxifen injection (data not shown). At the
protein level, however, the kinetics of loss were slower
(Fig. 1E). When animals were treated at 20 weeks of age,
MeCP2 was reduced by half between 2 and 4 weeks after
the start of treatment, reaching its lowest level at 4–7
weeks. No further reduction was observed when brains from
animals in the 20-week experimental cohort were analysed
21 weeks post-treatment. We conclude that MeCP2 protein
persists after the loss of its gene, with an unexpectedly long
half-life of �2 weeks.

Postnatal inactivation of Mecp2 induces the appearance of
RTT-like phenotypes

Following tamoxifen treatment, all mice were weighed and
phenotypically scored once a week, as previously described
(17). Lox/y,Cre animals in all three age groups developed
RTT-like symptoms, including hypo-activity, altered gait,
hind-limb clasping, tremors and, later on, breathing difficulties
(Fig. 2A). The observed phenotypes closely resembled those
seen in Mecp22/y and Mecp2+/2 animals (14). Control lox/y
mice manifested mild RTT-like symptoms (open circles,
Fig. 2A) due to reduced expression of the floxed Mecp2
allele, as previously described (23,24), and confirmed in this
study (data not shown). Compared with their control litter-
mates, lox/y,Cre mice acquired higher aggregate scores
(Fig. 2A: 3 weeks, P , 0.0001; 11 weeks, P ¼ 0.003; 20
weeks, P ¼ 0.0081) and these also rose more rapidly than
for lox/y animals (Fig. 2A: 3 weeks, P , 0.0001; 11 weeks,
P , 0.0001; 20 weeks, P , 0.0001). Onset of symptoms
could be attributed to inactivation of Mecp2, as lox/y,Cre
and lox/y mice injected with oil vehicle at 11 weeks and lox/
y mice injected with tamoxifen showed similar weak progres-
sion of phenotypic scores (Supplementary Material Fig. S3,
P . 0.05). Thus, although the use of the hypomorphic Mecp2lox/y

conditional allele in this and a previous study (18) was poten-
tially problematic, scoring the animals blind to genotype
revealed unambiguous increases in RTT-like symptoms in
the inactivated animals compared with the background hypo-
morphic symptom level. This, together with the contrasting
survival of lox/y and inactivated animals (see below), confirms
the legitimacy of this model for the study of MeCP2 require-
ment. From the phenotypic data, we conclude that RTT-like
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symptoms of equivalent severity are triggered by reducing
MeCP2 levels in mice aged 3, 11 or 20 weeks.

Although lox/y,Cre mice reached the same aggregate scores
by 10 weeks after tamoxifen treatment, the timing of
symptom onset was significantly different between the three in-
activation groups (Fig. 2B; ANOVA age effect, P ¼ 0.0048;
interaction age-time post-treatment effect, P ¼ 0.0133). Mice
treated at 11 and 20 weeks old developed symptoms at the
same time after injections (2–5 weeks from the start of injec-
tions, Fisher’s PLSD post hoc analysis: P . 0.05), whereas
mice treated at 3 weeks old displayed symptoms significantly

later (8 weeks, Fisher’s PLSD post hoc analysis: P , 0.01).
Once overt neurological symptoms commenced, however,
they developed at the same rate in all three groups (Fig. 2B).
Given the �2 week half-life of MeCP2, symptoms in 11- and
20-week groups approximately track the loss of the protein.
Delayed symptom onset in the 3-week group was particularly
evident when the scores were plotted as a function of group
age rather than time post-tamoxifen treatment (Fig. 2C). It is
possible that symptom onset in the 11- and 20-week treatment
groups was more rapid because the animals were already symp-
tomatic due to the hypomorphic lox/y allele. However, the

Figure 1. Effect of tamoxifen treatment on MeCP2 expression. (A) Mice were injected with tamoxifen at 3 weeks old (lox/y n ¼ 9; lox/y,Cre n ¼ 12), at 11
weeks old (lox/y n ¼ 6; lox/y,Cre n ¼ 9) and at 20 weeks old (lox/y n ¼ 11; lox/y,Cre n ¼ 8). Each treatment week is shown as a grey arrow. (B) Maps of
the wild-type genomic locus, the floxed locus and the deleted locus. pA, polyadenylation site; S/pA, splice/polyadenylation sequences from the human beta-
globin gene; N, neomycin resistance gene. As shown on a representative Southern blot, independent of the age of treatment, lox/y,Cre mice injected with tam-
oxifen have deleted the floxed allele, in contrast with the lox/y mice or with lox/y,Cre mice injected with oil vehicle only. The symbol # represents a fragment of
an unexpected size resulting from the existence of a residual loxP site (see Supplementary material, Fig. S1). (C) Tamoxifen treatment resulted in the deletion of
the floxed allele in 78–91% of the brain cells of animals from each group of inactivation. Each circle represents a measurement from one animal. There was no
significant difference between the average percentages of recombination measured from brains of lox/y,Cre mice injected with tamoxifen at the three different
ages [ANOVA, F(2,16) ¼ 3.125, P . 0.05]. (D) Deletion of the floxed allele triggered a significant decrease in MeCP2 expression giving �20% of control
levels, independent of the age of inactivation. No statistical analysis is possible as n¼2. (E) Following the first day of tamoxifen injections, MeCP2 expression
decreased and reached its final level after 4 weeks. Week 21 values represent mean % MeCP2 expression for the 20-week treatment group. Open bars: lox/y
animals, filled bars: lox/y,Cre animals. Bars represent mean+SEM. ∗P , 0.05.
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11-week animals from both genotype groups showed no pheno-
typic symptoms at the time of treatment, whereas both groups
treated at 20 weeks of age were visibly symptomatic
(Fig. 2A). Despite this difference in phenotypic status at the
start of the experiment, 11- and 20-week groups nevertheless
showed identical symptom progression. The implication of
the results is that MeCP2 deficiency is relatively well tolerated
in mice aged 11 weeks or less.

A prediction of this hypothesis is that inactivation earlier
than 3 weeks would cause a correspondingly increased pheno-
typic delay from the time of drug treatment. To test this, we
treated mice with tamoxifen neonatally (1 and 2 days post
partum). Due to problems with treating such young animals,
we administered the drug to the lactating dams, who then
transferred it to their progeny via milk. Recombination
achieved by this procedure (�60%, data not shown) was
less than that achieved by injection of older animals and, cor-
respondingly, phenotypic scores plateaued at a lower level.
The time of rapid symptom onset, however, was further
delayed until the animals again reached �10 weeks of age
(Supplementary Material Fig. S4), in support of the hypothesis
that MeCP2 function becomes increasingly important at this
developmental stage. An alternative hypothesis is that the
delayed symptom onset during the post-natal period is due
to the half-life of MeCP2 protein being longer at this stage
than during adulthood. The finding that Mecp2 inactivation
at 0 and 3 weeks both lead to a symptom transition at
11–14 weeks argues against this possibility, as levels of
brain MeCP2 are very different at these two ages. Brain
MeCP2 is very low at birth and rises rapidly during the first
3 weeks of life. It is unlikely that these distinct starting
points could lead to the same 11–14 week symptom transition
as a result of protein half-life alone.

Postnatal inactivation of Mecp2 causes a deficit in motor
skills and learning

To analyse the phenotypic consequences of postnatal Mecp2
inactivation in more detail, lox/y,Cre and lox/y mice injected
with tamoxifen at 3 weeks were evaluated in different motor
coordination tasks 10 weeks after treatment. By this time,
lox/y,Cre mice had developed significantly more severe symp-
toms than control littermates (Fig. 2A). In a wire suspension
test, lox/y,Cre mice needed significantly more time to bring
hind-paws up to the wire across three consecutive trials com-
pared with lox/y mice (Fig. 3A; lox/y,Cre: 24.3+ 2.9 s; lox/y:
14.3+ 2.8 s; t-test: P ¼ 0.0250), attesting to a motor coordin-
ation deficit. Motor coordination and learning were also
assessed using the accelerating rotarod task. Latency to fall
was significantly shorter for lox/y,Cre mice compared with
controls (Fig. 3B, P ¼ 0.0002). In addition, performances
across the 3 days of trials differed between genotypes (P ¼
0.0024). During the first day of the task (Fig. 3C), all mice per-
formed equally at the first trial, after which lox/y mice stayed
significantly longer on the rod than the lox/y,Cre mice (P ¼
0.0026; Fisher’s PLSD post hoc analysis, trial 1: P . 0.05;
trial 2: P ¼ 0.0038; trial 3: P ¼ 0.002; trial 4: P ¼ 0.0205).
The results suggest that lox/y,Cre mice were unable to learn
this motor task, but whether this was due to a learning
deficit or to their altered motor coordination, as shown in
the wire suspension test, remains unclear. Gait was analyzed
using a footprint assay 12 weeks post-treatment. At this
time, gait of lox/y,Cre mice was already altered as shown by
the weekly scores (Supplementary Material, Fig. S5) and
they exhibited a strong trend towards greater width between
their fore- and hind-legs (P ¼ 0.0534 and ¼0.0779, respect-
ively) compared with the lox/y mice (Fig. 3D). Furthermore,
the stride length of both the right fore- and right hind-legs

Figure 2. Phenotypic analysis of Mecp2 inactivation. (A) Lox/y,Cre mice
(filled circles) and lox/y mice (open circles) were weekly given a score reflect-
ing their phenotype. Lox/y,Cre mice developed more severe RTT-like symp-
toms compared with their control littermates, independent of the age of
Mecp2 inactivation [repeated-measures ANOVA, genotype effect; 3 weeks
old, F(1,18) ¼ 26.083, P , 0.0001; 11 weeks old, F(1,11) ¼ 14.374, P ¼
0.003; 20 weeks old, F(1,15) ¼ 9.316, P ¼ 0.0081]. The severity of symptoms
increased with time for both lox/y,Cre and hypomorphic lox/y mice [repeated-
measures ANOVA, time effect; 3 weeks old, F(21,378) ¼ 23.356, P ,

0.0001; 11 weeks old, F(13,143) ¼ 12.688, P , 0.0001; 20 weeks old,
F(9,135) ¼ 11.274, P , 0.0001], but the development of symptoms across
time was faster and more pronounced for lox/y,Cre mice than for lox/y mice
[repeated-measures ANOVA, interaction genotype-time post-treatment; 3
weeks old, F(21,378) ¼ 6.945, P , 0.0001; 11 weeks old, F(13,143) ¼
4.721, P , 0.0001; 20 weeks old, F(9,135) ¼ 6.872, P , 0.0001]. (B and
C) Summary of data from tamoxifen-treated lox/y,Cre animals shown in
(A), displayed with regard to time after treatment (B) or age of the animals
(C). (B) By 9–10 weeks after tamoxifen injections, lox/y,Cre mice from the
groups inactivated at 3 weeks old (grey circles, n ¼ 12), at 11 weeks old
(white circles, n ¼ 9) and at 20 weeks old (black circles, n ¼ 8) had developed
symptoms of similar intensity. During the first 10 weeks, however, the severity
and the onset of the symptoms were different in these three groups [repeated-
measures ANOVA; group effect F(2,26) ¼ 6.599, P ¼ 0.0048; interaction
age-time post-treatment F(12,156) ¼ 2.218, P ¼ 0.0133]. Precisely, the
onsets of symptoms appearing in the groups inactivated at 11 and 20 weeks
old were similar (Fisher’s PLSD post hoc analysis, P ¼ 0.5737), but both sig-
nificantly differed from the onset of symptoms observed in the group inacti-
vated at 3 weeks old (Fisher’s PLSD post hoc analysis, 3 weeks old versus
11 weeks old P , 0.0001; 3 weeks old versus 20 weeks old P ¼ 0.0002).
(C) Evolution of the lox/y,Cre phenotype depending on age. Arrows indicate
the average age of treatment (grey, 3 weeks old; white, 11 weeks old;
black, 20 weeks old), and the rectangles of matching colours represent the
ranges of ages of the mice when treated.
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was shorter in lox/y,Cre mice (Fig. 3E, P ¼ 0.0004 and
¼0.0008, respectively). These differences cannot be attributed
to a difference in size among the two genotypes, as the
nose-to-base distance was similar between lox/y,Cre and lox/
y mice (8.66+ 0.15 and 8.74+ 0.13 cm, respectively; t-test:
P ¼ 0.6903). Gait was therefore significantly altered after
postnatal Mecp2 inactivation, with shorter steps and a wider
distance between contra-lateral limbs (Fig. 3F), recapitulating
the gait alterations observed in Mecp2-null male mice (15).
Similar results were obtained with lox/y,Cre and lox/y mice
treated with tamoxifen at 11 or 20 weeks, but altered motor
function of the hypomorphic lox/y mice and obesity which
developed in all experimental groups (Supplementary Mater-
ial, Fig. S6) compromised interpretation of the data (data not
shown). Nevertheless, our results strongly suggest that
typical hallmarks of RTT, centred on deficient motor skills
and learning, are recapitulated upon the postnatal inactivation
of Mecp2.

Postnatal inactivation of Mecp2 induces premature death

Lox/y,Cre mice exhibited a significantly shorter lifespan fol-
lowing tamoxifen treatment than their lox/y control littermates
(Fig. 4A), but, unexpectedly, lox/y,Cre mice from the three

inactivation groups had different median times between treat-
ment and death. Mice in the group treated at 3 weeks survived
for a median of 34.9 weeks, the 11-week group lived for 29.9
weeks and the 20-week group lived for 24.0 weeks. The
significance of these differences was confirmed by a
Kaplan–Meier survival analysis (Tarone–Ware, P ¼ 0.041),
confirming that the earlier Mecp2 was inactivated, the later
after treatment animals died. Strikingly, plotting survival
against the age of animals showed that lox/y,Cre mice died
at approximately the same age, regardless of the age at which
Mecp2 was inactivated (Fig. 4B). The median age at death for
the 3-, 11- and 20-week groups was 38.5, 39.1 and 40.7
weeks, respectively, which is not significantly different by
Kaplan–Meier survival analysis (Tarone–Ware, P ¼ 0.9899).
The results indicate that survival with this degree of MeCP2
deficiency becomes unsustainable at around 39 weeks of age.

The period at which MeCP2 function acquires functional
importance in young adult mice (8–14 weeks of age)
closely follows a large developmental increase in levels of
brain MeCP2 during the first few weeks of life (2,19,20). To
test whether the sensitivity to MeCP2 deficiency at �40
weeks is also associated with an increase in MeCP2 levels,
we performed western blots on protein from brains of wild-
type mice from age 4 weeks to 50 weeks (Fig. 4C). Following

Figure 3. Assessment of motor abilities following Mecp2 inactivation. (A) Lox/y,Cre mice from the group inactivated at 3 weeks old (filled bar, n ¼ 11) showed
altered motor coordination compared with the lox/y mice (open bar, n ¼ 9) with the wire suspension test (t-test P ¼ 0.0250). Bars represent mean+SEM. ∗P ,

0.05. (B) Motor coordination and learning of lox/y,Cre mice (filled circles, n ¼ 12) were also impaired in the accelerating rotarod task compared with their
control littermates (open circles, n ¼ 9), as shown by repeated-measures ANOVA [genotype effect, F(1,19) ¼ 21.593, P ¼ 0.0002]. Performances across the
3 days of trials improved for lox/y mice, but not for lox/y,Cre mice [repeated-measures ANOVA, interaction genotypes–trials, F(2,38) ¼ 7.085, P ¼
0.0024]. Symbols represent mean+SEM. ∗∗P , 0.01. (C) During the first day of the accelerating rotarod task, lox/y,Cre mice did not improve, in contrast
with lox/y mice, even though all mice started with similar performances [repeated-measures ANOVA, genotype–trials interaction F(3,57) ¼ 5.341, P ¼
0.0026; Fisher’s PLSD post hoc analysis, trial 1: P ¼ 0.4634; trial 2: P ¼ 0.0038; trial 3: P ¼ 0.002; trial 4: P ¼ 0.0205]. Symbols represent mean+SEM.
∗P , 0.05. ∗∗P , 0.01. (D–F) Lox/y,Cre mice (filled bars, n ¼ 11) from the group inactivated at 3 weeks old exhibited an altered gait compared with lox/y
controls (open bars, n ¼ 9). (D) They displayed a tendency toward a wider distance between their fore-limbs (t-test, P ¼ 0.0534) and their hind-limbs (t-test,
P ¼ 0.0779). (E) They had a shorter stride length (t-test, right fore-limbs P ¼ 0004; right hind-limbs P ¼ 0.0008). Bars represent mean+SEM. ∗∗P , 0.01.
(F) Examples of a footprint assay for both genotypes.
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the dramatic increase in brain MeCP2 during the first few
weeks of life, MeCP2 levels were relatively constant through-
out adulthood (P . 0.05). Therefore, the period of hyper-
sensitivity to MeCP2 levels at a post-natal age of around 39
weeks does not correlate with a change in levels of brain
MeCP2.

DISCUSSION

RTT has traditionally been seen as a neurodevelopmental dis-
order, implying that MeCP2 is particularly important during de-
velopment. In the past few years, however, increasing evidence
has indicated that MeCP2 is required postnatally and during
adulthood to maintain normal neuronal functions. First, the ob-
servation that female mice heterozygous for a Mecp2-null allele
become symptomatic at 4–12 months of age, long after develop-
ment is complete, argues against a purely developmental defect
(14). This impression was reinforced by the finding that severe
RTT-like symptoms could be reversed in adult male and
female mice by restoration of MeCP2 (17). Conclusively,
McGraw et al. (18) then found that numerous features observed
in Mecp2-null male mice were recapitulated upon Mecp2 inacti-
vation in 8–9-week-old mice, proving an on-going need for
MeCP2 during adulthood. Our results confirm a lifelong need
for the brain to express Mecp2.

McGraw et al. (18) found that mortality was equivalent
between mice that inherited the Mecp2-null allele from the
germ line and those where the gene was inactivated during
adulthood, as in each case the median survival time after
birth or after tamoxifen treatment was �13 weeks. A signifi-
cant difference between that study and our results relates to
survival. Not only did our tamoxifen-treated animals survive
for well over 13 weeks (24–34 weeks), but also they lived
for different periods of time depending on age at treatment.
The reduced severity of phenotypes in our study is almost

certainly due to a lower frequency of Mecp2 gene deletion.
McGraw et al. (18) depleted brain MeCP2 levels to �5% of
wild-type through 20 consecutive daily tamoxifen treatments,
whereas our 5-day injection regimen achieved levels that were
20–25% of that in floxed Mecp2 brains. Since the floxed allele
is hypomorphic, giving an average of 33% wild-type expres-
sion levels throughout the brain in our experiments (data not
shown), we infer that MeCP2 levels in our animals were
�8% of wild-type. That such a small difference in MeCP2
levels (5 versus 8%) has a significant impact on survival is un-
expected and may be relevant to future therapeutic approaches
to this condition. It is possible that a relatively incomplete res-
toration of the protein or its downstream functions may be of
therapeutic benefit.

The milder phenotype and longer survival of the mice in the
present study has allowed us to unmask two phenotypic thresh-
olds during the mouse life cycle when the presence of MeCP2
assumes heightened importance (Fig. 5). The first transition
centred at �11 weeks corresponds to the age of symptom
onset in mice that suffer reduced Mecp2 either neonatally (0
week) or at weaning (3 weeks). Interestingly, this phase coin-
cides with the period during which Mecp2-null male mice
develop severe symptoms and die (14,15) (Fig. 5A). The data in-
dicate that MeCP2 first becomes important several weeks after
birth, at a time when major changes in the brain are occurring,
including large-scale changes at synapses; notably refinement,
reinforcement and maturation (16,19,20). Also at this time,
MeCP2 protein reaches maximum levels in the brain and mice
reach full sexual maturity.

Mice with �8% of the wild-type level of expression survive
the �11-week transition in MeCP2 sensitivity, but die at �39
weeks of age. Remarkably, all three inactivation groups
showed similar survival, regardless of the time spent depleted
of MeCP2. We conclude that a second phase of pronounced
sensitivity to Mecp2 deficiency commences at this late age.
There is independent evidence for this, as Guy et al. (14)

Figure 4. Survival analysis following Mecp2 inactivation. (A and B) Mecp2 inactivation (circles) triggers a significantly shortened survival compared with con-
trols (triangles). (A) The time of death of lox/y,Cre mice after tamoxifen treatment is significantly different whether tamoxifen injections have been given at 3
(grey circles, n ¼ 12), 11 (white circles, n ¼ 9) or 20 (black circles, n ¼ 8) weeks old, as shown by Kaplan–Meier survival analysis with the Tarone–Ware
method (P ¼ 0.041). (B) The age of death is, however, similar independently of the age of Mecp2 inactivation (Kaplan–Meier survival analysis with the
Tarone–Ware method P ¼ 0.9899). Arrows indicate the average age of treatment (grey, 3 weeks old; white, 11 weeks old; black, 20 weeks old). The cross
symbol represents the median time post-treatment (A) or age (B) of death described in McGraw et al. (18). (C) MeCP2 expression in wild-type mice increases
from 4 to 20 weeks old (t-test P ¼ 0.0245), but is constant during adulthood (t-test, all P values . 0.05). Bars represent mean+SEM. ∗ P , 0.05.
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observed that the fraction of Mecp2+/2 females that were free
of overt symptoms began to decline during this same period
(30–45 weeks; Fig. 5B). In fact, the spectrum of phenotypes
caused by various levels of MeCP2 deficiency can be
explained if we assume that the threshold of MeCP2 expres-
sion required to allow proper functioning of neuronal networks
increases stepwise at each transitional age. Absence of MeCP2
expression in null male mice means they do not survive the
11-week transition period. On the contrary, mice expressing
8% of wild-type MeCP2 protein develop neurological symp-
toms and survive the �11-week transition, but they are
unable to survive beyond the second threshold at �39
weeks. Female mice heterozygous for a null mutation of
Mecp2 also fit into this scenario, as their 50% level of
MeCP2 expression (due to random X chromosome inactiva-
tion) allows them to traverse the �11-week time threshold
without acquiring overt symptoms, but they develop
RTT-like symptoms at 30–45 weeks. The appearance of
more subtle phenotypes in younger heterozygous females
(25,26) may be ascribed to the presence of null cells in the
brain of these animals, in contrast to lox/y animals which
express MeCP2 in all cells, albeit at a reduced level.

The 39-week threshold is not related to an obvious anatom-
ical or physiological event, or to a change in MeCP2

expression, but may relate to the aging process. The reproduct-
ive efficiency of most mouse strains begins to drop after about
30 weeks of age (27), suggesting that reproductive senescence
is underway by 39 weeks. It is possible that a decline in brain
function also occurs near this time, although this has not been
widely studied in the mouse. It may be relevant that RTT
patients survive to a mean age of 40 years, which is signifi-
cantly less than the average human lifespan (12,13). The
physiological changes that accompany the aging process in
humans and mice may place increased reliance on the pres-
ence of MeCP2 in the brain. Alternatively, deficiency of
MeCP2 protein may accelerate neurological decline, resulting
in a prematurely aged brain. Our findings set the scene for
testing these and other hypotheses in order to gain insights
into the molecular mechanisms underlying MeCP2 function
and RTT syndrome.

MATERIALS AND METHODS

Animals

Male Mecp2lox/y,CreESRT and Mecp2lox/y littermates used in
this study were obtained by crossing hemizygous CreESRT

males (22) (Jackson Laboratory strain name:B6.Cg-Tg(cre/
ESR1)5Amc/J, stock number 004682) with homozygous
Mecp2lox/lox females (14) (Jackson Laboratory strain name:
B6;129P2-Mecp2tm1Bird/J, stock number 006847).

Mice were maintained under standard conditions and in ac-
cordance with UK Home Office regulations and licences. Mice
were carefully monitored for symptoms due to either the
genetic mutation or the experimental treatment, and animals
which exceeded the severity limit of the experiment were hu-
manely culled.

Inactivation of the Mecp2 gene

Tamoxifen (Sigma) was used to induce CreESRT protein
translocation into the nucleus, thereby triggering inactivation
of Mecp2 in mice. Tamoxifen solution [20 mg/ml in corn oil
(Sigma)] was prepared as previously described (17) and
injected intraperitoneally at 100 mg/kg body weight/dose
once a day for five consecutive days. Mecp2 was inactivated
in three independent groups of mice, at three different ages:
just after weaning at 3 weeks old (lox/y,Cre n ¼ 12, lox/y
n ¼ 9), at 11 weeks old (lox/y,Cre n ¼ 9, lox/y n ¼ 6) and
20 weeks old (lox/y,Cre n ¼ 8, lox/y n ¼ 11). Control experi-
ments were performed by injecting 11-week-old lox/y,Cre
(n ¼ 5) and lox/y (n ¼ 8) mice with corn oil only, at the
same volume/body weight used for the tamoxifen injections
(5 ml/g body weight).

For neonatal inactivation, CreESRT males were mated with
Mecp2lox/lox females. Females were allowed to give birth and
then treated intraperitoneally with tamoxifen at 150 mg/kg
body weight on days 1 and 2 post partum.

Southern blotting

To measure recombination of the Mecp2 floxed allele, high
molecular weight genomic DNA was prepared from half
mouse brains by standard procedures. DNA was digested

Figure 5. Determination of two threshold periods important for MeCP2 func-
tions. (A) The first time period (grey rectangle), between 8 and 14 weeks old,
coincides with the period of rapid development of symptoms in mice that
received tamoxifen injections at 3 weeks old (dotted line) and also with the
period when Mecp2-null male mice die (open diamonds). (B) The second
time period (dotted rectangle), between 30 and 45 weeks old, corresponds to
the period of death for mice who underwent Mecp2 postnatal inactivation
(dotted line) and to the period before which at least 80% of the heterozygous
females (crosses) have already developed the first overt signs of the RTT-like
phenotype and score ≥ 1 for any of the six categories of the phenotypic
scoring system.
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with BamHI and NcoI and transferred to nylon membranes
using a standard Southern blotting procedure. Blots were
probed with a 1.1 kb NcoI–BamHI fragment (14). Recombin-
ation was quantified with a Storm PhosphorImager and Image-
Quant software (Molecular Dynamics), and calculated as %
recombination ¼ (intensity of 1.2 kb deleted band 4 total in-
tensity of 1.2 kb + 1.5 kb + 4 kb bands) × 100. Animals
showing a percentage of recombination inferior to 75% were
excluded from the study.

Western blotting

Protein extracts for western blot analysis were prepared from
half brains (�60 × 106 cells). Whole cell lysates were pre-
pared by homogenising brains on ice with 750 ml NE1
(20 mM HEPES, pH 7.9, 10 mM KCl, 1 mM MgCl2, 20% gly-
cerol, 0.1% Triton X-100, 0.5 mM DTT and protease inhibi-
tors). To release protein bound to DNA, samples were
treated with 3 ml of Benzonase Nuclease (Sigma) for 15 min
at room temperature. Seven hundred fifty micro litres of 2×
sample buffer were added to each lysate. Samples were vor-
texed, boiled, aliquotted and stored at 2208C. Samples were
run on SDS–PAGE gels and transferred to nitrocellulose
membranes using standard procedures. Membranes were cut
into two portions, blocked for 1 h in 5% milk in Tris-buffered
saline and probed overnight at 48C with an anti-MeCP2 anti-
body (Sigma, M6818, 1:1000) or an anti-gamma-tubulin anti-
body as a loading control (Sigma, T6557, 1:3000). Membranes
were probed with anti-mouse secondary antibody (Licor
Donkey anti-Mouse IRDye, 1:10 000) and analysed with a
Licor scanner using Odyssey software (LI-COR Biosciences).
MeCP2 levels were normalized to gamma-tubulin levels after
background subtraction.

Phenotype assessment

Scoring of symptoms was performed blind to the genotype.
Six parameters were examined at the same time each week
(activity, gait, hind-limb clasping, tremor, breathing and
general condition) and given a score between 0 and 2, as pre-
viously described (17). Given the slower and more subtle evo-
lution of the phenotypes of inactivated lox/y,Cre mice
compared with null male mice, this protocol was slightly
modified by introducing two intermediate scores (0.5 and
1.5). Animals scoring 2 for breathing or general condition
were automatically culled, and although for reasons of
brevity animals are described in the text as having ‘died’,
they were routinely culled at the point at which they were
judged to have reached the severity limit of the experiment,
according to the Home Office licence.

Behavioural characterization

Ten weeks after tamoxifen treatment, motor coordination and
learning of lox/y,Cre and lox/y mice treated at 3 weeks were
assessed using the wire suspension test and the accelerating
rotarod test. The wire suspension test was conducted as previ-
ously described (28), using a thin horizontal wire (1.5 mm in
diameter) 35 cm above the bench surface. Mice were
allowed to grip the wire with their forepaws and the latency

to bring at least one hind-paw up to the wire was recorded,
for a maximum of 30 s. This experiment was repeated three
times, with an inter-trial interval of 15 min. The mean of the
three trials was calculated for each mouse. For the accelerating
rotarod test, mice were submitted to a 4-day training protocol
(29). They were first given a habituation pre-trial in which
animals were placed on the rod rotating at a constant and
low speed (4 rpm), for 30 s. If they fell, they were placed
back on the rod in order to complete the 30 s pre-trial. Follow-
ing habituation, mice were submitted to four training sessions
per day, for three consecutive days. Each session consisted of
placing the animal on the rod, which would accelerate from 4
to 40 rpm within 5 min, and was separated from the next
session by an inter-trial interval of 1 h. Time spent on the
rod was measured.

Twelve weeks post-treatment, the gait of the same mice was
analysed using the footprint test (29). Briefly, mice were sub-
mitted to a training session in which they learnt how to walk
along an illuminated runway in order to reach a dark, small
box. Following this training session, paper was placed on
the runway, and paws were painted in red (fore-paws) or
green (hind-paws), using non-toxic paint (Snazaroo face
paint), allowing a record to be kept of each trial. One set of
footprints was collected for each mouse. From these foot-
prints, the front- and hind-base width, as well as the stride
length were measured, as previously described (29).

Statistical analysis

Data were analysed using Student’s t-test or analysis of variance
(ANOVA: one-way, two-way or repeated-measures analysis of
variance as appropriate), with post hoc comparisons (Fisher’s
PLSD) when required (Statview 5.0, SAS Institute Inc.).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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