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Mutations of the X-linked gene encoding methyl CpG binding protein type 2 (MECP2) are the predominant cause of
Rett syndrome, a severe neurodevelopmental condition that affects primarily females. Previous studies have
shown that major phenotypic deficits arising from MeCP2-deficiency may bereversible, as the delayed reactivation
of the Mecp2 gene in Mecp2-deficient mice improved aspects of their Rett-like phenotype. While encouraging for
prospective gene replacement treatments, it remains unclear whether additional Rett syndrome co-morbidities
recapitulated in Mecp2-deficient mice will be similarly responsive to the delayed reintroduction of functional
Mecp2. Here, we show that the delayed reactivation of MecpZ2in both male and female Mecp2-deficient mice
rescues established deficits in motor and anxiety-like behavior, epileptiform activity, cortical and hippocampal
electroencephalogram patterning and thermoregulation. These findings indicate that neural circuitry deficits
arising from the deficiency in Mecp2 are not engrained, and provide further evidence that delayed restoration of

Mecp2 function can improve a wide spectrum of the Rett-like deficits recapitulated by Mecp2-deficient mice.

INTRODUCTION

Methyl-CpG-binding protein 2 (MeCP2) is a key epigenetic
factor whose transcriptional regulating functions are required
for the proper development and maintenance of the central
nervous system (1-5). While MECP2 mutations have been
established to be the underlying cause of Rett syndrome (1),
mutations and polymorphisms of MECP2 have also been
found in distinct conditions such as X-linked mental retardation,
Angelmann syndrome, schizophrenia and forms of learning dis-
ability (6). Furthermore, while causality has yet to be clearly
established, non-coding mutations in the 3’ untranslated region
of MECP2 have been detected in cases of attention deficit/hyper-
activity disorder and autism, raising the possibility that altered
MeCP2 function could also contribute to these conditions (6—8).
Although the specific functions of MeCP2 that become

compromised due to these specific mutations remain to be
fully elucidated, it is clear that deficits in proper MeCP2 function
can lead to impaired neural network function and cause pro-
nounced neurological and behavioral phenotype impairments.
Mecp2-deficient mouse models have been generated (9—16),
and collectively these models recapitulate many of the pheno-
types associated with clinical MECP2 mutations (17). Behavior-
al impairments, neural circuitry abnormalities, autonomic
dysfunction, synaptic electrical deficits and anatomical altera-
tions have all been reported in Mecp2-deficient mice (18—-28).
Due to the X-linked nature of the Mecp2 gene, male Mecp2-
deficient mice display a greater level of affectedness than hetero-
zygous female Mecp2-deficient mice (9,10,29). Importantly,
though, there is evidence to suggest that impairments resulting
from the lack of Mecp2 function are not irremediable, as the re-
instatement of Mecp2 expression in Mecp2-deficient mice was
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shown to extend lifespan, improve gross phenotypic severity and
rescue deficits in local hippocampal synaptic plasticity (16).
Recently, it was also demonstrated that restoring Mecp2 expres-
sion in male Mecp2-deficient mice improved respiratory func-
tion, behavioral performances and neuronal morphology (30).
Despite this, the full extent of delayed phenotypic rescue follow-
ing functional Mecp2 reintroduction remains unclear, as the
rescue potential of several neurophysiological and behavioral
impairments present in Mecp2-deficient mice that are common
to Rett syndrome patients have not been fully evaluated.
To address this, we reactivated Mecp2 in both male and female
symptomatic Mecp2-deficient mice and assessed the effects of
delayed Mecp?2 reactivation on already established deficits in lon-
gevity, behavioral performance, neural network activity, cortical
and hippocampal oscillatory patterns and thermoregulation.

RESULTS

Reactivation of Mecp2 extends lifespan and improves the
general phenotypic severity of Mecp2-deficient mice

To generate mutant mice in which functional Mecp2 expression
could be reactivated conditionally, we crossed female Mecp2-
deficient (MeCP2™ ™) mice containing a ‘stop-flox’ Mecp2
allele (16) with transgenic mice expressing an estrogen recep-
tor/cre-recombinase (31) transgene from the ROSA26 gene
locus (32). This transgenic mouse line has been shown previous-
ly to express the estrogen receptor/cre recombinase transgene
throughout the brain and body, and target both glial cells and
neurons throughout the brain (32). For simplicity, we will refer
to Mecp2-deficient mice or Mecp2-deficient mice expressing
cre recombinase without reactivation as ‘Non-Rescue’ mice,
and mice in which a functional Mecp?2 gene has been reactivated
as ‘Rescue’ mice. Between postnatal days 50—70, male ‘Rescue’
mice were generated by intraperitoneal injections of tamoxifen
(see Materials and Methods). Female ‘Rescue’ mice were simi-
larly generated by tamoxifen administration, but injection times
ranged from 270 to 320 days of age to allow similar levels of
phenotypic severity in the female mice to develop. The relative
level of Mecp2 expression in the male and female ‘Non-Rescue’
and ‘Rescue’ cohorts was assessed between 3—5 months post-
Mecp?2 reactivation in males, and 5—9 months post-Mecp?2 re-
activation in females by immunoblot and immunohistochemical
analysis using age and gender-matched wild-type mice as refer-
ences. As shown in Figure 1, Mecp2 prevalence in brains of male
‘Non-Rescue’ mice was 1.7 + 1.1% of average wild-type
levels. Mecp2 prevalence in the male ‘Rescue’ mouse brain
ranged from 21.1 to 87.5 percentage of wild-type, with an
average level of 52.4 + 14.4% of wild-type Mecp2 levels
(Fig. 1A and C). In female ‘Non-Rescue’ mice, Mecp2 levels
had an overall average value of 53.3 + 6.1% of wild-type
levels. The average Mecp2 prevalence in a cohort of female
‘Rescue’ mice was 68.7 + 7.3% of wild-type levels (Fig. 1B
and D). Although proportionally consistent with the level of re-
activation achieved in the male ‘Rescue’ mouse cohort, the level
of Mecp2 in the group of female ‘Rescue’ mice examined did not
statistically differ from the Mecp2 levels in female ‘Non-
Rescue’ mice (P = 0.08). Interestingly, though, the overall
level of Mecp2 expression in male ‘Rescue’ mice was

comparable to that in female ‘Non-Rescue’ mice (P = 0.17),
suggesting that the mosaic Mecp2 expression pattern in male
‘Rescue’ mice is similar in magnitude overall to that of female
‘Non-Rescue’ mice. Mecp2 protein expression was confirmed
in male ‘Rescue’ mice by immunohistochemical analysis
(Fig. 1E and F). As expected, immunostaining confirmed
Mecp? reactivation throughout the brain, with prominent label-
ing detected within the nucleus of neurons, and lower levels
present in glial cells (Fig. 1E and F).

Consistent with previous observations (9,10,12,16,30,33,34),
male ‘Non-Rescue’ mice displayed an early lethality, with a
median survival age of 67 days (Fig. 2A). In contrast, the lifespan
of male ‘Rescue’ mice was significantly longer, displaying a
median survival age of 286 days (P < 0.01, Fig. 2A). While
nota complete rescue to wild-type, Kaplan—Meyer survival ana-
lysis revealed the lifespan plots of the male ‘Rescue’ mice was
similar to that of female ‘Non-Rescue’ mice (Fig. 2A), which
likely display a similar mosaic Mecp2 expression pattern. The
extension of lifespan did not correspond, however, with a con-
comitant increase in body mass. Male ‘Non-Rescue’ mice
weighed significantly less than male wild-type mice at all ages
examined (Fig. 2B, P < 0.01). Although lifespan was dramatic-
ally extended, the body weight of male ‘Rescue’ mice remained
significantly below that of wild-type mice throughout their
increased lifespan. Further, at times following Mecp?2 reactiva-
tion, the average growth rate of male ‘Rescue’ mice remained
significantly below that of male wild-type mice (0.25 g/week
versus 0.88 g/week, respectively; P < 0.01).

The longevity of female ‘Rescue’ mice was also significantly
extended. The median lifespan of female ‘Non-Rescue’ mice
was found to be 356 days, and none of the female ‘Non-Rescue’
mice survived longer than 570 days. Ninety-two percent of the
female ‘Non-Rescue’ mice (24 of 26) died spontaneously
before 500 days of age (Fig. 2A). In contrast, none of the
female ‘Rescue’ mice after receiving tamoxifen died spontan-
eously prior to 500 days of age, and the overall median lifespan
of these female ‘Rescue’ mice was 675 days, which was signifi-
cantly longer than that of female “Non-Rescue’ mice (P < 0.05).
In fact, thismedian survival age was comparable to that of female
wild-type mice (679 days), and Kaplan—Meyer analysis
revealed no significant differences between the lifespan plots
of female ‘Rescue’ and female wild-type mice (P > 0.05).

Similar to what has been previously reported (16,30), the
general phenotypic severity of both male and female ‘Rescue’
mice was improved significantly following Mecp?2 reactivation.
Using a previously validated 12-point severity scale
(3,16,30,34), male ‘Pre-Rescue’ mice showed a phenotypic se-
verity of 6.8 + 0.5 at the time of tamoxifen injection, and the
same cohort of mice showed a significantly lower score of 5.8
+ 0.7 at 3 months following Mecp?2 reactivation in male ‘Non-
Rescue’ mice between 70 and 90 days of age (Fig. 2C). This com-
parison was required, as each of the male ‘Non-Rescue’ mice had
died or been sacrificed due to overt morbidity at the later times of
severity score assessment in the male ‘Rescue’ mice. A similar
robust improvement was seen in female ‘Rescue’ mice. At the
time of tamoxifen injection, female ‘Pre-Rescue’ mice displayed
an average phenotypic severity score of 5.1 + 0.2. At 3 months
following Mecp?2 reactivation, the severity score of the same
group was 3.8 + 0.2 (Fig. 2D).
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Figure 1. Mecp2 expression was restored in male and female ‘Rescue’ mice following tamoxifen treatment. (A) Representative western blot showing Mecp2 expres-
sion in whole brain extracts of male wild-type mice, male ‘Rescue’ mice and male ‘Non-Rescue’ mice. (B) Representative western blot showing Mecp2 expression in
whole brain extracts of female wild-type mice, female ‘Rescue’ mice and female ‘Non-Rescue’ mice. (C) Histogram depicting the relative expression levels (mean +
standard error) of Mecp2 protein in whole brain homogenates derived from male ‘Rescue’ mice (» = 4) and male ‘Non-Rescue’ mice (n = 5). The values reflect the
ratio of the densitometric value for MeCP2 immunoreactivity and GAPDH from the same blot, expressed as a percentage of wild-type. *Indicates statistical signifi-
cance, P < 0.05 one-way ANOVA. (D) Histogram depicting the relative expression levels (mean + standard error) of Mecp2 protein in whole brain homogenates
from female ‘Rescue’ mice (n = 3) and female ‘Non-Rescue’ mice (» = 3) normalized as described above. Although a trend toward increased Mecp?2 levels is ap-
parent, the difference in the normalized Mecp2 expression levels for female ‘Rescue’ and female ‘Non-Rescue’ mice failed to reach statistical significance (P = 0.08,
one-way ANOVA). (E and F) Immunostaining of Mecp2 expression (red channel) together with the nuclear stain DAPI in the cingulate cortex (E) and dentate gyrus (F)
of'a male wild-type mouse (top panels), a male ‘Non-Rescue’ mouse (middle panels) and a male ‘Rescue’ mouse (bottom panels) at 2 months following Mecp2 gene
reactivation. Scale bar denotes 100 pum.

Delayed Mecp?2 reactivation reverses acquired behavioral using the open field ambulation test, balance using the accelerat-
impairments ing rotarod test, anxiety-like behavior using the light/dark place

) ) ) ) preference test and social tendencies using the nest-building test
We then examined whether or not specific established behavioral  (Fig. 3). Male ‘Non-Rescue’ mice were tested between 50 and

impairments would be rescued by delayed Mecp2 reactivationin 70 days of age, while male ‘Rescue’ mice were tested at least
male and female Mecp2-deficient mice, and if so to whatdegree. 2 months after tamoxifen treatment (between 100 and 120
For these assessments, we examined sensory-motor functions  days of age). Female ‘Non-Rescue’ Mecp2-deficient mice
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Figure 2. Restoring Mecp2 expression extends lifespan and improves gross behavior in male and female Mecp2-deficient mice. (A) Kaplan—Meier survival plot of
wild-type mice (n = 44, solid black line), male ‘Non-Rescue’ mice (n = 11, solid light gray line), male ‘Rescue’ mice (n = 12, dashed light gray line), female ‘Non-
Rescue’ mice (n = 26, solid dark gray line) and female ‘Rescue’ mice (n = 10, dashed dark gray line). The lifespan of male ‘Rescue’ mouse cohort was significantly
longer than that of male ‘Non-Rescue’ mice (P < 0.001), and not significantly different from the female ‘Non-Rescue’ mice (P = 0.16). Similarly, the lifespan of the
female ‘Rescue’ mouse cohort was significantly longer compared with female ‘Non-Rescue’ mice (P < 0.01) and was not significantly different from wild-type mice
(P =0.21). The thick black line at the top of the panel indicates the times of tamoxifen injection for male and female mice, respectively. (B) Growth curve of male
wild-type (n = 20, solid black line), male ‘Non-Rescue’ mice (n = 4—12, dashed dark gray line) and male ‘Rescue’ mice (n = 79, solid light gray line). (C) The
phenotypic severity scores of male ‘Rescue’ mice (n = 7—11 at different ages, solid light gray line) was significantly diminished in male ‘Rescue’ mice compared
with male ‘Non-Rescue’ mice (n = 4—12 at the different ages, dashed gray line) following tamoxifen administration (P < 0.05). (D) Phenotypic severity scores
of female ‘Rescue’ mice (n = 10, dashed gray line) were significantly lower than female ‘Non-Rescue’ mice (n = 6, solid gray line) following tamoxifen adminis-
tration. A Wilcoxon rank-sum test with post hoc correction for multiple comparisons was used for statistical analysis. Data are presentedasmean + standard error, and

* indicates statistical significance as denoted at P < 0.05.

were assessed between 9 and 14 months of age, and female
‘Rescue’ mice were similarly tested at least 2 months after tam-
oxifen treatment (11— 15 months ofage). These assays were con-
ducted on independent groups, rather than on pre- versus
post-tamoxifen comparisons, to maintain the novelty component
for each test as appropriate.

Open-field test

In the open-field test, male ‘Non-Rescue’ mice exhibited a
74.2 + 1.9% decrease in total horizontal and vertical activity
counts, an 83.5 + 2.1% decrease in total horizontal mobility
counts, an 86.4 + 2.3% decrease in total vertical rearing
counts, a 95.7 + 0.3% decrease in center rearing counts, a
40.2 4+ 3.3%decrease inambulationrateanda76.2 + 2.9% de-
crease in complete cage exploration trips when compared with
age-matched male wild-type mice (Fig. 3A and B). Each value
was significantly decreased from age-matched wild-type male
mice. Female ‘Non-Rescue’ mice displayed a 51.3 + 4.6%
decrease intotal activity,a 50.6 + 5.2% decrease in total mobil-
ity,a43.7 + 5.9% decrease in total rearing, a 76.8 + 5.8% de-
crease in center rearing, a 19.3 + 3.1% decrease in ambulation
rate and a 37.1 + 6.7% decrease in complete cage exploration
trips when compared with age-matched female wild-type mice

(Fig. 3A and B). Both male ‘Rescue’ and female ‘Rescue’
mice showed significant improvements in each of these open
field parameters (except complete cage trips for female
‘Rescue’ mice) when compared with their respective ‘Non-
Rescue’ counterparts (P < 0.05 for all parameters, one-way
ANOVA; Fig. 3A), although their performances mostly
remained below wild-type levels for these open field paradigms.
Interestingly, although the behavioral improvement for male
‘Rescue’ mice was not complete, their total activity, mobility,
ambulation rate and cage exploration trips completed were
improved to a level that did not significantly differ from
female ‘Non-Rescue’ mice (P > 0.05, one-way ANOVA;
Fig. 3A). This observation is in line with the level of Mecp2 ex-
pression being roughly equivalent overall between the male
‘Rescue’ and female ‘Non-Rescue’ mice (Fig. 1C and 1D).

Light—dark place preference test

In the light/dark place preference test, male ‘Non-Rescue’ and
female ‘Non-Rescue’ mice displayed significantly less risk-
assessment behavior than their respective wild-type controls
(Fig. 3C). Although still significantly below wild-type levels,
male ‘Rescue’ mice displayed significantly improved risk-
assessment behavior when compared with male ‘Non-Rescue’
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Figure 3. Growth rate, ambulation, motor coordination, anxiety and nesting building behavior were improved following Mecp?2 reactivation in male and female mice.
(A and B) The open field ambulation test was used to assess total activity, total rears (vertical activity), mobility counts (horizontal activity), ambulation rate (average
time per distance traveled while mobile), complete cage exploratory trips (front to rear) and center rearing (rearing at least 4 inches away from any wall of assay
chamber). Each of these parameters was significantly impaired in male (» = 20) and female (n = 15) ‘Non-Rescue’ mice compared with wild-type (» = 24 males
and 18 females) at the respective ages examined. Although none of these parameters was restored to wild-type levels, each was significantly improved in male
‘Rescue’ mice (n = 10), and all but complete cage exploratory trips were significantly improved in female ‘Rescue’ mice (n = 9). (C) Anxiety-like behavior was
assessed using the light/dark preference test. Male ‘Rescue’ mice (n = 7) conducted significantly more risk assessments per minute in the dark chamber than male
‘Non-Rescue’ mice (n = 6). Female ‘Rescue’ mice (n = 8) did not show significant improvements compared with female ‘Non-Rescue’ mice (n = 9) (P = 0.38).
(D) The nesting behavior test was used as an index of social cage activity. Both male (n = 8) and female (n = 8) ‘Non-Rescue’ mice assembled significantly
smaller nests than their respective wild-type mice (n = 13 wild-type males and 13 wild-type females). The assembled nest volume of both male and female
‘Rescue’ mice (n = 8) was significantly larger than their respective ‘Non-Rescue’ mice at the same 24 h time point. (E) Coordinated motor performance was assessed
using the accelerating rotarod test. Male ‘Rescue’ mice (» = 14) remained on the accelerating rotarod for significantly longer times than male ‘Non-Rescue’ mice
(n = 6) on trial days 1, 2, and 4 (P < 0.05). (F) Female ‘Rescue’ mice (n = 10) showed significant improvement only on trial day 1 of the rotarod test compared
with female ‘Non-Rescue’ mice (n = 30) (P < 0.05). The performance of male and female ‘Non-Rescue’ mice was significantly below their respective wild-type
group on each trial day (not indicated). One-way ANOVA with Tukey’s post hoc correction was used for statistical analysis of open field, light and dark place pref-
erence, and nest building test. Data are presented as mean + standard error, and * indicates statistical significance as denoted at P < 0.05. Two-way ANOVA with
Bonferroni’s post hoc correction was used for statistical analysis of the accelerating rotarod. Data are presented as mean + standard error, and * indicates statistical
significance (‘Rescue’ versus ‘Non-Rescue’ for each gender) as denoted at P < 0.05.
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mice (2.2 + 0.3 versus 0.6 + 0.3 risk assessments/min, re-
spectively, P < 0.05, one-way ANOVA; Fig. 3C). Somewhat
surprisingly, risk-assessment behavior in female ‘Rescue’
mice was not significantly different from that of female ‘Non-
Rescue’ mice (P = 0.38, one-way ANOVA; Fig. 3C), and
overall the female ‘Rescue’ mice conducted significantly
fewer risk-assessments than wild-type females (P < 0.05,
one-way ANOVA; Fig. 3C).

Nest-building test

In the nest-building test, male ‘Non-Rescue’ and female ‘Non-
Rescue’ mice assembled nests with significantly less volume
than their respective wild-type controls (3.5 + 0.32 versus
97 + 6.4cm’> for males, and 52.0 + 6.5 versus 95.0 +
104 cm® for females, respectively; P < 0.01, one-way
ANOVA; Fig. 3D). Although still smaller than wild-type size,
male ‘Rescue’ mice assembled nests with significantly larger
volumes than male ‘Non-Rescue’ mice (37.8 + 11.2 cm® for
male rescue; P < 0.05, one-way ANOVA; Fig. 3D). As with the
previous behaviors, the nest volume of the male ‘Rescue’ group
did not significantly differ from that of female ‘Non-Rescue’
mice (P=0.61, one-way ANOVA). Female ‘Rescue’ mice
assembled nests (73.8 + 7.5 cm’) with significantly larger
volume than female ‘Non-Rescue’ mice (P < 0.05), and this
final volume did not significantly differ from that of female wild-
type mice (P = 0.17, respectively, one-way ANOVA; Fig. 3D).

Accelerating rotarod test

In the accelerating rotarod test, male ‘Non-Rescue’ mice and
female ‘Non-Rescue’ mice performed significantly worse on
each of the four trial days when compared with their respective
age-matched wild-type controls (P < 0.05, two-way ANOVA,
Fig.3D). Male ‘Rescue’ mice showed a significant improvement
relative to male ‘Non-Rescue’ mice on trial days 1,2 and 4 (P <
0.01, two-way ANOVA). Consistent with the outcomes above,
the performance of male ‘Rescue’ mice on the accelerating
rotarod did not significantly differ from that of female ‘Non-
Rescue’ mice on any of the trial days (P > 0.05, two-way
ANOVA). Unlike the general improvement seen in male
‘Rescue’ mice, however, female ‘Rescue’ mice only showed a
significant improvement on day 1 of the rotarod trial when com-
pared with female ‘Non-Rescue’ mice (P < 0.05, two way
ANOVA) and were not significantly improved from female
‘Non-Rescue’ mice on the remaining trial days.

Epileptiform discharges are significantly attenuated
after Mecp?2 reactivation

In addition to behavioral impairments, male and female Mecp2-
deficient mice display alterations in neural network activity. One
such network alteration is the presence of spontaneous
epileptiform-like discharge events (19,23,34,35). To determine
whether or not established neural circuitry deficits are also re-
versible in symptomatic Mecp2-deficient male and female
mice, we compared cortical electroencephalogram (EEG) activ-
ity profiles of wild-type, ‘Non-Rescue’ and ‘Rescue’ cohorts of
mice. Analysis of cohorts was required for these assessments as
electrode implantation was done in the ‘Rescue’ mice following
tamoxifen administration. No epileptiform discharge activity
was detected in any of the control wild-type mice (data not

shown). Male ‘Non-Rescue’ mice of 50 days age, however,
exhibited 45 + 8 epileptiform discharge events per hour.
These discharge events had an average duration of 2.8 + 0.7 s
and an average frequency of 6.2 + 0.3 Hz (Fig. 4A, E-G).
Although epileptiform discharge events were still observed in
male ‘Rescue’ mice at 2 months post-reactivation, the incidence
rate and average duration of the events was significantly reduced
from that of male ‘Non-Rescue’ mice. Spontaneous discharge
activity in male ‘Rescue’ mice was found to be 21 + 3 events
per hour, with average durations of 1.0 + 0.1s, and an
average frequency of 6.8 + 0.2 Hz (P < 0.05 for each com-
pared with ‘Non-Rescue’; one-way ANOVA,; Fig. 4B, E-G).

Female ‘Non-Rescue’ mice displayed a significantly higher
discharge incidence rate than male ‘Non-Rescue’ mice, with an
average of 76 + 17 discharges per hour (Fig. 4E). However, the
average discharge duration of female ‘Non-Rescue’ mice was sig-
nificantly shorter than that of male ‘Non-Rescue’ mice (1.11 +
0.1s,P < 0.05,one-way ANOVA, Fig. 4G), and the average fre-
quency of the female ‘Non-Rescue’ discharges was also signifi-
cantly higher than male ‘Non-Rescue’ mice (7.9 + 0.4 Hz;
P < 0.05, one-way ANOVA; Fig. 4F). In female ‘Rescue’
mice, the discharge incidence rate was significantly reduced com-
pared with female ‘Non-Rescue’ mice (32 + 4 events per hour;
P < 0.05, one-way ANOVA; Fig. 4E), but no significant
changes were observed for either the discharge duration (1.2 +
0.1 s; Fig. 4G) or for the average frequency of the discharge
event (7.7 + 0.3 Hz; Fig. 4F). Consistent with their male counter-
parts, female wild-type mice did not display any baseline dis-
charge activity (data not shown).

Delayed Mecp? reactivation improves EEG oscillatory
activity in male and female Mecp2-deficient mice

In addition to discharge activity, we have demonstrated previ-
ously that both male and female Mecp2-deficient mice display
significant deficits in total hippocampal gamma band power, as
well as alterations in the peak hippocampal theta frequency,
during periods of behavioral exploration (23,34). Consistent
with these previous observations, spectral analysis of raw EEG
power in the gamma frequency band of 35—60 Hzrevealed a sig-
nificant decrease in total gamma power in male ‘Non-Rescue’
mice compared with male wild-type mice (1.4 + 0.1 x 10~*
mV?/Hz versus 2.5 + 0.1 x 10~* mV?*/Hz, respectively; P <
0.05, one-way ANOVA; Fig. 5D). This decrease in power was
specific to the gamma band, as no significant differences in
total power were noted between wild-type and male ‘Non-
Rescue’ mice in the 1-4 Hz delta band, or in the 6—12 Hz
theta band (Fig. 5E and F). Delayed Mecp?2 reactivation
rescued the gamma power deficit, as total gamma band power
in male ‘Rescue’ mice was found to be 2.4 + 0.2 x 10~*
mV?/Hz (Fig. 5D). Intriguingly, this level did not differ signifi-
cantly from that of wild-type mice (P = 0.66). Moreover, con-
sistent with previous observations (23,34), male ‘Non-Rescue’
mice also displayed a significant decrease in their peak hippo-
campal theta frequency during periods of behavioral exploration
relative to male wild-type mice (7.3 + 0.1 versus8.7 + 0.2 Hz,
respectively; P < 0.01, P < 0.01, one-way ANOVA, Fig. 5C).
In male ‘Rescue’ mice, the average peak hippocampal theta fre-
quency observed during exploratory behavior was 8.2 +
0.2 Hz, which was significantly higher than that of male
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Figure 4. Cortical epileptiform discharge activity in male and female Mecp2-deficient mice is attenuated following delayed Mecp2 re-expression. (A) Representative
10 straces of cortical EEG activity showing a single discharge event from a male and female ‘Non-Rescue’ mice, and male and female ‘Rescue’ mice. (B) The number
of epileptiform discharge events per hour is significantly reduced in male ‘Rescue’ mice (» = 7) and female ‘Rescue’ mice (n = 4) compared with male ‘Non-Rescue’
mice (n = 8) and female ‘Non-Rescue’ mice (n = 6), respectively (P < 0.01 for both). (C) The average frequency of individual epileptiform discharge events was
significantly slower in male ‘Non-Rescue’ mice (n = 9) compared with female ‘Non-Rescue’ (n = 5) or female ‘Rescue’ mice (n = 7). The average frequency of
epileptiform discharge events of male ‘Rescue’ mice (n = 7) was not significantly different from any of the other groups (P > 0.05 for each). (D) The average duration
of the remaining epileptiform discharge events in male ‘Rescue’ mice (n = 7) is significantly shorter than in male ‘Non-Rescue’ mice (n = 7), and not significantly
different from either female ‘Non-Rescue’ mice (n = 7) or female ‘Rescue’ mice (n = 7). No significant differences in epileptiform discharge duration were observed
between female ‘Rescue’ mice and female ‘Non-Rescue’ mice, however. No epileptiform discharge events were observed in any of the male or female wild-type mice
examined (n = 10 for each gender). One-way ANOV A with Tukey’s post hoc correction was used for all statistical comparisons. Data are presented as mean + stand-

ard error, and * indicates statistical significance as denoted at P < 0.05.

‘Non-Rescue’ mice (P < 0.05, one-way ANOVA, Fig. 5C), and
not different from the average peak theta frequency of female
‘Non-Rescue’ mice (P = 0.10, one-way ANOVA, Fig. 5C). In
fact, as a group, the overall peak theta frequency in the male
‘Rescue’ mice did not significantly differ from that of male wild-
type mice (P = 0.21, one-way ANOVA, Fig. 5C).

In female mice, however, there was less of an effect on peak
theta frequency following Mecp?2 reactivation. Consistent with
male mice, female ‘Non-Rescue’ mice displayed significant
decreases in their peak hippocampal theta frequency during
exploratory behavior compared with female wild-type mice
(7.8 + 0.2 Hz for mutants versus 8.5 + 0.2 Hz for wild-types;
P <0.01, one-way ANOVA; Fig. 5B and C). In female
‘Rescue’ mice, the peak theta frequency was modestly improved
to 8.1 + 0.1 Hz. Although improved, this value did not reach
statistical significance when compared with female ‘Non-Rescue’
mice (P=0.09; one-way ANOVA). Consistent with male
‘Non-Rescue’ mice, the total gamma band power of female

‘Non-Rescue’ mice during exploratory behavior was reduced
compared with female wild-type mice (1.2 4+ 0.1 x 10~ * mV?¥
Hz for mutants versus 3.0 + 0.6 x 10~ * mV?*/Hz for wild-type;
P < 0.05, one-way ANOVA; Fig. 5B and D). However, the
total gamma band power in female ‘Rescue’ mice was significant-
ly improved to 2.7 + 0.5 x 10~* mV?/Hz when compared with
female ‘Non-Rescue’ mice (P < 0.05, one-way ANOVA), and
this rescued value did not significantly differ from that of
female wild-type mice (P = 0.68, one-way ANOVA; Fig. 5D).
As with males, no differences in total EEG power were observed
between female wild-type, female ‘Non-Rescue’ or female
‘Rescue’ mice in either the delta or theta bands (Fig. SE and F).

Delayed Mecp2 reactivationimproves the home-cage activity
patterns of female Mecp2-deficient mice

In addition to showing deficits in behavioral task performance,
alterations in home-cage activity have also been noted in
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Figure 5. Restoring Mecp2 expression partially rescues peak theta frequency, and fully rescues total gamma band power in the hippocampus during exploratory be-
havior. (A) Representative power spectrum plots hippocampal EEG activity across the 5—60 Hz frequency range obtained during behavioral exploration in a male
wild-type mouse, amale ‘Non-Rescue’ mouse and a male ‘Rescue’ mouse. (B) Representative power spectrum plots as above from a female wild-type mouse, a female
‘Non-Rescue’ mouse and a female ‘Rescue’ mouse during exploratory behavior. For (A) and (B), note the selective decrease in total gamma band power, and the shift of
peak theta frequency, in the ‘Non-Rescue’ mice. (C) The peak theta frequency during exploratory behavior is significantly improved in male ‘Rescue’ mice (n = 9)
compared withmale ‘Non-Rescue’ mice (n = 7). However, while shifted modestly, peak theta frequency was not significantly improved in female ‘Rescue’ mice (n =
5) compared with female ‘Non-Rescue’ mice (n = 8) (P = 0.09 relative to ‘Non-Rescue’). (D) Total gamma band power (35—-60 Hzrange) is significantly diminished
from wild-type in male and female ‘Non-Rescue’ mice, and completely restored to wild-type levels in both male ‘Rescue’ (n = 8) and female ‘Rescue’ mice (n = 5).
(E and F) No significant differences in total hippocampal delta power (E) or theta power (F) were observed between the different cohorts of male and female mice
during the same exploratory behavior times examined above, illustrating the specificity of the decrease in gamma band power in the ‘Non-Rescue’ mice. One-way
ANOVA with Tukey’s post hoc correction was used for statistical analysis. Data are presented as mean + standard error, and * indicates statistical significance as
denoted at P < 0.05.

different strains of Mecp2-deficient mice (19,36). We therefore  described previously (19) and compared behavioral patterns in
assessed whether delayed Mecp2 reactivation in female mutants ~ female Mecp2-deficient mice before and after Mecp?2 reactiva-
would improve aspects of their home cage behavior. For this, we  tion in the same subjects. These examinations were restricted
employed a wireless telemetric recording system that we to female Mecp2™ ™ mice, as male Mecp2 ™~ mice on a pure



C57Bl/6 genetic background were not of sufficient mass for
implanting the wireless transponder (19). As shown in
Figure 6, the total daily home-cage activity counts, and activity
counts during the light-phase and dark-phase were significantly
below that of wild-type mice prior to tamoxifen administration at
approximately 9 months of age. These activity counts for female
wild-type were 196 + 20 arbitrary units for total activity; 74 +
5 arbitrary units for light phase activity; and 132 + 12 arbitrary
units for dark phase activity. In female ‘Pre-Rescue’ mice, these
values were significantly lower, being 139 + 9 arbitrary units
for total activity; 43 + 4 arbitrary units for light phase activity;
and 96 + 5 arbitrary units for dark phase activity; P < 0.05 for
each, one-way ANOVA). At 2—4 months after the final tamoxi-
fen injection of these same mice, however, their total daily
home-cage activity, light-phase activity and dark-phase activity
were each significantly improved compared with their pre-
injection levels. These values were 207 + 22 arbitrary units
for total activity; 80 + 11 arbitrary units for light phase activity;
and 133 + 10 arbitrary units for dark phase activity, Fig. 6. For
each activity component, the performance of the ‘Rescue’ mice
in their home cage environment did not significantly differ from
wild-type levels (Fig. 6).

Delayed Mecp?2 reactivation improves thermoregulation
in female Mecp2-deficient mice

It has been reported previously that daily thermoregulatory pat-
terns are significantly altered in female Mecp2-deficient mice
(19,33). Given that impaired autonomic regulation is a corner-
stone feature of Rett syndrome (37,38), we assessed whether
these thermoregulatory deficits would also be rescued by
delayed Mecp?2 reactivation. Consistent with our previous find-
ings (19), significant differences in daily thermoregulatory pat-
terns were observed between wild-type and Mecp2-deficient
mice. As shown in Figure 7, the daily average core body tempera-
ture of these 9-month-old female ‘Pre-Rescue’ mice was signifi-
cantly lower than that of female wild-type controls (36.1 + 0.1
versus 37.0 + 0.1°C, respectively), as was their daily minimum
body temperature (34.5 + 0.1 versus35.5 + 0.2°C, respective-
ly), and their daily maximum core body temperature (37.9 + 0.1
versus 38.4 + 0.1°C, respectively). Further, using the telemetry
system to identify periods of ambulatory activity or inactivity,
we found that the average core body temperature of female ‘Pre-
Rescue’ mice was also significantly lower than that of female
wild-type mice during both active (36.6 + 0.1 versus 37.3 +
0.1°C, respectively) and inactive (35.9 + 0.1 versus 36.7 +
0.1°C, respectively) behavioral periods over the 24 h day (P <
0.01 for both, Student’s #-test; Fig. 7E and F). Finally, we also
found that female ‘Pre-Rescue’ mice also displayed fewer
daily temperature cycles than female wild-type mice (7.6 +
0.7 cycles per day versus 10.0 + 0.6 cycles per day, respective-
ly; P <0.05 one-way ANOVA). At 2—3 months following
Mecp? reactivation, however, each of these thermoregulatory
deficits in the same mutant mice was significantly improved.
In these female ‘Rescue’ mice, the average daily core body tem-
perature rose to 36.4 + 0.1°C, the minimum daily core body
temperature increased to 34.9 + 0.2°C and maximum core
body temperature increased to 38.3 + 0.1°C (Fig. 7D, G, H).
Similarly, the average temperature in these ‘Rescue’ mice was
36.9 + 0.1°C during the active phase, and 36.2 + 0.1°C
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during the inactive phase (Fig. 7E and F). Although each of
these values was significantly improved from female ‘Pre-
Rescue’ mice (P < 0.05, paired Student’s t-test), the rescue
was not complete, as the values remained significantly below
wild-type levels (one-way ANOVA). Finally, the number of
daily temperature cycles were also significantly improved in
female ‘Rescue’ mice compared with their ‘Pre-Rescue’
values (10.1 £+ 0.7 cycles per day; Fig. 71), and this value was
not significantly different from wild-type (P = 0.88; Fig. 7).

DISCUSSION

Rett syndrome is predominately caused by mutations of the
MECP2 gene on one allele (1). Mouse models with disrupted
Mecp2 expression have been generated that recapitulate many
cardinal features of Rett syndrome, including motor and social
impairments, altered anxiety-like responses, as well as synaptic
and neural circuitry deficits (9,10,16,26,33,34,39—41). While
the majority of studies to date have focused on male Mecp2-null
models, heterozygous Mecp2-deficient female mice are the
gender-appropriate model for the clinical disorder (9,10,17) as
they express Mecp2 on average in ~50% of their cells from
early embryonic development. The male Mecp2-null model
completely lacks functional Mecp2 expression, and displays a
more severe gross behavioral phenotype. At the cellular level,
it is important to note that while dendritic branching, neuronal
packing density, nuclear volume and neuronal size are also simi-
larly altered in Mecp2-deficient mice and Rett syndrome
patients, there does not appear to be any significant neuronal
degeneration resulting from the absence of Mecp2. Rather,
neurons in specific brain regions appear to remain in an immature
state (5,42—44), and therefore may not be irreversibly compro-
mised. Indeed, previous work has reported that delayed near ubi-
quitous Mecp?2 reactivation in MeCP2-deficient mice extends
lifespan, improves existing phenotypic severity, hippocampal
synaptic plasticity and breathing irregularity and increases the
complexity and volume of the neurons in which Mecp2 was
reactivated (16,30). However, the rescue potential for other
prominent co-morbidities of Rett syndrome recapitulated in
Mecp2-deficient mice remain less well examined, and particu-
larly with respect to the gender-appropriate female Mecp2-
deficient mouse model.

Consistent with previous reports (16,30), our data show that
the delayed restoration of Mecp2 function has a pronounced
effect on lifespan for both male and female MeCP2-deficient
mice. In fact, our assessment of longevity revealed the average
lifespan of female ‘Rescue’ mice did not significantly differ
from female wild-type mice, suggesting the heightened risk of
sudden and unexpected death for female Mecp2-deficient mice
is completely rescued by the delayed Mecp2 gene reactivation.
While the lifespan of male ‘Rescue’ mice was not restored to
wild-type levels, the reactivation of Mecp2 in these mice
restored MeCP2 levels to ~50% that of wild-type, which is in
essence what would be present in a female ‘Non-Rescue’ mice
expressing Mecp2 in a random mosaic pattern. The fact that
the lifespan plots of male ‘Rescue’ and female ‘Non-Rescue’
mice were not significantly different suggests a complete
rescue of what might be the ‘expected’ lifespan of a 50%
mosaic mouse, despite MeCP2 having been absent throughout
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Figure 6. The delayed re-expression of Mecp2 completely rescues the daily home cage activity patterns of female Mecp2-deficient mice. (A—C) Representative 24-h
home cage activity level traces of a female wild-type mouse (A), female ‘Pre-Rescue’ mouse (B) and the same female mouse after tamoxifen treatment (C). The dark
phase of the 24-h cycle is shaded on each plot. (D—F) Histograms showing the quantitated activity counts of wild-type (n = 8), and the same female mutant
mice ‘Pre-Rescue’ and ‘Post-Rescue’ (n = 7) over the entire 24-h cycle (D), and during only the light (E) or dark (F) phase of the full day. The home cage activity
of ‘Pre-Rescue’ female Mecp2-deficient mice was significantly diminished from wild-type during both the light and dark phases of the day. Following Mecp2
re-expression, the activity of the same mice was significantly improved to wild-type levels during both the light and dark phases of the day. Paired Student’s
t-tests were used for statistical analysis of data from the same subjects ‘Pre-Rescue’ versus ‘Post-Rescue’, and one-way ANOV A with Bonferroni’s post hoc correction
was used for comparison across groups. Data are presented as mean + standard error, and *indicates statistical significance as denoted at P < 0.05.

embryonic and perinatal development and being reactivated in
mice at a highly symptomatic stage.

It is worth noting that these improvements occurred despite
the male ‘Rescue’ mice remaining significantly underweighted
relative to age-matched wild-type mice. While the reasons for
the lack of body mass increase following Mecp?2 reactivation is
not clear, and the influence of Mecp2 on body mass is clearly de-
pendent upon the specific genetic background of the subjects
(17), the lack of apparent body mass ‘rescue’ is not unprecedent-
ed. Using a different ubiquitously expressed estrogen receptor/
cre-recombinase system than the one we employed here (32),
Guy et al. (16) also reported a lack of body mass increase follow-
ing delayed Mecp?2 reactivation in male mice on the same C57Bl/
6 genetic background used for our study. Similarly, we previous-
ly found that the selective preservation of Mecp2 within the cate-
cholaminergic system improved phenotypic impairments in
male Mecp2-null mice without dramatically increasing body
mass (34). In contrast, however, Ward ef al. (33) found that pre-
serving Mecp2 in HoxBl-expressing hindbrain neurons of
Mecp2-null mice on a different genetic background did partially
rescue body mass differences. As such, additional experimenta-
tion will be required to determine whether these outcomes reflect
nuances of specific genetic backgrounds, or an inability of
delayed Mecp2 reactivation to rescue pre-existing body mass
alterations.

In addition to lifespan extension, our data also show that sig-
nificant improvements in behavioral performance, cortical and
hippocampal EEG activity and oscillatory patterning, and core
body thermoregulation can also be achieved by delayed Mecp?2
reactivation. In fact, the performance of male ‘Rescue’ mice
did not significantly differ from female ‘Non-Rescue’ mice in
the open field, rotarod, place-preference or nesting behavior
tests despite their absence of Mecp2 during these periods of
brain development. These behavioral tasks were selected as
they assess locomotive, balance, anxiety-related and social con-
textual behaviors in Mecp2-deficient mice that have relevance to
co-morbidities seen clinically in Rett syndrome patients (17),
and involve a spectrum of different neural circuitries. Collective-
ly, our results suggest that the potential for behavioral recovery
inthe Mecp2-deficient neural systems that underlie these tasks is
not dramatically affected by the delayed reactivation of Mecp2,
but is rather more dependent upon the percentage of cells in
which Mecp2 expression was restored. This possibility is
further strengthened by the behavioral outcomes observed in
female ‘Rescue’ mice, which on average expressed Mecp2 at
68% of wild-type levels, as their behavior in the open field and
nesting behavior tasks was further improved from that of
either male ‘Rescue’ or female ‘Non-Rescue’ mice. This has po-
tential clinical relevance, as impaired ambulatory and social be-
havior represent major co-morbidities in most Rett syndrome
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Figure 7. Thermoregulation was partially rescued in female Mecp2-deficient mice after Mecp2 re-activation. Representative traces of the core body temperature overa
complete 24-h day extracted from a female wild-type mouse (A), a female ‘Pre-Rescue’ mouse (B) and the same female Mecp2-deficient mouse 3 months following
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temperature during behavioral inactivity (E) and the average temperature during behavioral activity (F) of the female wild-type, female ‘Pre-Rescue’ and female
‘Rescue’ mouse cohorts. For each of these comparisons, the female ‘Rescue’ mouse (n = 7) values were significantly improved from their values in the same
female mice before tamoxifen administration. Despite being improved, though, each value still remained significantly below that of the wild-type. (G and H) The
average daily maximum body temperature (G) as well as the average daily minimum body temperature (H) of MeCP2-deficient female mice was significantly
improved following Mecp?2 reactivation. For these parameters, the ‘Rescue’ values were not significantly different from wild-type. (I) The average number of
daily temperature cycles was significantly improved in female ‘Rescue’ mice compared with female ‘Pre-Rescue’ (n = 7), and was not significantly different
from the number of cycles in female wild-type mice (n = 6). Paired Student’s #-tests were used for statistical analysis between female ‘Pre-Rescue’ and female ‘Post-
Rescue’ mice, and one-way ANOV A with Bonferroni’s post hoc correction was used to compare group differences. Data are presented as mean + standard error, and
*indicates statistical significance as denoted at P < 0.05.

patients (6,37,45). Taken together with the longevity effects,
these data provide additional compelling evidence that the
phenotypic consequences of Mecp2 deficiency in both male
Mecp2~" and mosaic female Mecp2 ™~ mice are not irremedi-
able, and that the degree of Mecp?2 restoration likely influences
the magnitude of recovery.

Somewhat surprisingly, though, improvements in behavior
following Mecp?2 reactivation were not observed in female
mice for each of the behavioral tasks examined. Contrary to
our expectations, female ‘Rescue’ mice showed no significant
improvements in the accelerating rotarod task outside of day 1

ofthetrial, or inrisk-assessment behavior in the place/preference
test when compared with female ‘Non-Rescue’ mice. The reason
for the lack of improvement in these behavioral tasks for female
‘Rescue’ mice is not clear, particularly since improvements were
evident for male ‘Rescue’ mice in the same tests. One possibility
is that the degree of Mecp?2 reactivation in the female ‘Rescue’
mice was not of sufficient magnitude to improve performance
in these specific behaviors from the levels of mice already pos-
sessing on average a 50% Mecp2 expression profile. We
attempted to correlate Mecp?2 reactivation efficiency with the
degree of phenotypic improvement in these tasks, but the
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sample sizes were insufficient to yield meaningful insight with
the observed Mecp2 expression variance in the female subjects
(data not shown). Alternatively, it is possible that because
female heterozygous Mecp2-deficient mice display a less
severe impairment than males for these behaviors, their perform-
ance already reaches the ceiling for recovery. The more severe
phenotype of males at an earlier stage of development provides
a larger window of phenotypic rescue potential. Finally, it is also
possible that the age difference between Mecp?2 reactivation in
the male and female ‘Rescue’ mice may have affected phenotyp-
ic rescue potential in these tasks. In this regard, it is worth noting
that the performance of the older female wild-type mice in each
of these behavioral tasks was significantly different from that of
the younger male wild-type mice, suggesting gender and/or age
does influence these behavioral outcomes independent of geno-
type. As such, this raises the possibility that the ceiling of poten-
tial rescue for these tasks in female mice may be differentially
influenced by age. Consistent with this, there were clear
improvements in female ‘Rescue’ mice in tasks where no signifi-
cant differences were noted between the performance of younger
male and older female wild-type mice. While not definitive,
these results raise the possibility that for at least some Rett-like
behavioral deficits, an earlier restoration of Mecp2 function
may facilitate enhanced behavioral recovery.

One of the novel aspects of the current study was the examin-
ation of whether or not specific neural circuitry pattern impair-
ments in the Mecp2-deficient brain can be corrected by
delayed Mecp?2 reactivation. Our results support this possibility,
as in addition to the improvements in behavior discussed above,
delayed Mecp?2 reactivation decreased the incidence rate of
spontaneous epileptiform discharge activity and improved spe-
cific alterations in behavioral state-dependent hippocampal
EEG activity in both male and female ‘Rescue’ mice. These out-
comes illustrate that the established network hyper-excitability
(20,23,28,35,46), and the diminished power of neuronal
network patterning systems (23,34), in Mecp2-null cortical
and hippocampal circuits is not permanently engrained. These
results therefore argue that the deficiency of Mecp2 function
during the synaptogenesis and synaptic maturation stages does
not irreversibly compromise the potential for neural circuits to
achieve beneficial plasticity responses. This is consistent with
recent morphological results in male ‘Rescue’ mice showing
the attenuated neuronal complexity of Mecp2-deficient
neurons increases following Mecp?2 reactivation (30), and with
previous results showing hippocampal LTP levels also
improve following delayed Mecp2 reactivation (16). Collective-
ly, these results support a model in which Mecp2-deficient net-
works are either stalled at an immature state, or have failed to
properly mature during the normal window of synaptic develop-
ment (38,42—44), but retain the potential to restructure and gen-
erate neural networks largely consistent with that of the normal
mature brain following the reintroduction of functional Mecp2.

In addition to assessing behavioral performances in specific
tasks and monitoring EEG activity acutely during a specific be-
havioral state, we also evaluated the general daily activity and
thermoregulation patterns of female ‘Pre-Rescue’ and female
‘Rescue’ mice in their home-cage environment over a daily
24-h cycle. Consistent with their performance in the open field
task, female ‘Pre-Rescue’ mice displayed hypo-activity during
both the dark and light phases of the daily cycle. Unlike the

partial recovery of performance seen in female ‘Rescue’ mice
in the open field task, however, the home-cage activity observed
for female ‘Rescue’ mice was fully returned to wild-type levels
for both the dark and light phases of the day. The reason for the
complete versus partial recovery in activity levels between the
two assay systems is unclear, but may arise from the increased
stress the animals would experience in the open field test appar-
atus when compared with being monitored in their home cage en-
vironment. This possibility is consistent with the outcome of the
light/dark place preference test, which revealed the anxiety-like
phenotype of older female Mecp2-deficient mice not significant-
ly improved by delayed Mecp?2 reactivation, and as such could
influence performance in the open field test. While additional ex-
perimentation would be required to test the validity of this pos-
sibility, these results illustrate that the degree of ‘Rescue’ in
these types of model systems can be context-dependent, and
they highlight the importance of using complementary behavior-
al assessment tests to fully gauge phenotypic rescue.

Moreover, the telemetric system employed also allowed us to
monitor the core body temperature of the mice continually
throughout the day. Autonomic nervous system dysfunction is
a hallmark of clinical Rett syndrome, and hypothermia is a
common co-morbidity seen in many patients (38,47,48). Con-
sistent with previous observations (19,33), female ‘Pre-Rescue’
mice displayed lower average daily body temperatures, fewer
and more irregular daily temperature cycling patterns, as well
as lower temperatures during both the active and inactive behav-
ioral states. In ‘Rescue’ mice, Mecp?2 reactivation facilitated an
increase in the average daily core body temperature, an improve-
ment of body temperature responses during the active and in-
active behavioral states, a restoration of near-normal daily
maximal and minimal temperatures and a complete rescue of
daily temperature cycling patterns. These results illustrate that
in addition to improving deficits in cortical and hippocampal cir-
cuitries, pronounced and established autonomic nervous system
impairments can also be significantly improved by delayed
Mecp?2 reactivation.

In summary, we show in this report that specific Rett-like def-
icits present in symptomatic male and female Mecp2-deficient
mice can be partially or fully rescued by the delayed restoration
of Mecp2 function. These results extend from previous reports
(16,30,39,41,49) by illustrating functional recovery in both
male and female Mecp2-deficient mice in different sets of behav-
ioral tasks, and confirming the reversibility of impaired neural
networks and autonomic nervous system alterations that stem
from the absence of Mecp2. This study therefore adds to the
growing body of evidence indicating Rett syndrome is not an
irremediable condition.

MATERIALS AND METHODS

Animals

All experimental procedures conducted on animals were
approved by local animal use committees prior to initiation,
and in accordance with policies established by the Canadian
Council on Animal Care. Mice were housed with littermates in
a controlled facility with a 12 h light and 12 h dark cycle with
food and water provided ad libitum. Female Mecp25°”"* mice
(Mecp2™?57 Jackson Laboratories) were crossed with male



Rosa26-Est/Cre transgenic mice (Gt(ROSA) 265 ™! cre/ESRUTA
Jackson Laboratories) to produce experimental genotypes. All
mice were maintained on a pure C57B1/6 background. DNA
samples were prepared using the HotSHOT genomic DNA
method (50) on collected punches from ear tissue. Genotypes
were confirmed through polymerase chain reaction. The floxed-
stop sequence in mutant mice was detected using the primer set:
5'-CTTCAGTGACAACGTCGAGC and 5'-CATTCTGCACG
CTTCAAAAG-3'. The sequence for cre-recombinase was
detected using the primer set: 5-AAATGTTGCTGCTGGAT
AGTTTTTACTGC-3' and 5-GGAAGGTGTCCAATTTACT
GACCGTA-3".

Immunoblotting and analysis

Mice were sacrificed through isoflurane overdose. Brain tissue
was rapidly dissected over ice and frozen over dry ice. These
tissues were homogenized in RIPA buffer (50 mm Tris—HCI,
150 mm NaCl, 1% NP-40,2 mm EDTA, 0.5% sodium deoxycho-
late and 0.1% SDS) with a cocktail of protease inhibitors (Pepsta-
tin A 2 ng/ml, PMSF 40 ng/ml, antipain 2 ng/ml, leupeptin
20 ng/ml, aprotinin 20 ng/ml and MDL28170 20 ng/ml). The
homogenates are centrifuged at 12 000g for 5 min to remove
the solid precipitate. The supernatant was collected and stored
at —80°C. The Folin method was used to determine the
protein concentration of the samples. Proteins were resolved
with SDS polyacrylamide gel electrophoresis and transferred
to a polyvinylidene fluoride membrane. The membrane was
pre-hybridized with blocking solution (TRIS-buffered saline
containing 0.05% Tween-20 and 5% non-fat dry milk) at room
temperature for 2 h followed by hybridization with primary anti-
bodies, anti-MeCP2 (1/1000; Cell Signaling Technology, Cat #
3456S) and anti-GAPDH (1/15000; Cehmicon, Cat #
MAB374), overnight in blocking solution. HRP-linked second-
ary anti-bodies, anti-rabbit (1/5000; GE Healthcare, Cat #
NA934) and anti-mouse (1/5000; GE Healthcare, Cat #
NA931) were applied to the membrane for 2 h at room tempera-
ture after three 20 min TBST washes. Immunoreactivity was
visualized by enhanced chemiluminescence and captured on
film. Protein levels were determined using densitometric ana-
lysis, using glyceraldehye dehydrogenase immunoreactivity to
normalize for minor load variations between lanes. Blots were
scanned and visualized using the Flour-S Multilmager. Protein
band densities were determined using the Quantity One
Bio-Rad analysis program.

Immunohistochemistry

Mice were sacrificed through isoflurane overdose and transcar-
dially perfused with 0.9% NaCl saline solution followed by
2% paraformaldehyde-PBS solution. Intact brain tissue was dis-
sected and incubated in 30% sucrose-PBS solution overnight at
4°C. The brain tissue was then dried and stored at —80°C until
further assessments. For sectioning, the brain was embedded in
OCT compound (Sakura, Torrance, CA, USA) and sectioned
in the sagittal plane. A Leica cryostat (model Jung CM 3000,
Wetzlar, Germany) was used to collect coronal sections
(15 wm). For immunostaining, sections were blocked with
10% NGS + 2% BSA in 0.1% PBS-T for 1 h followed by incu-
bation with rabbit anti-MeCP2 antibody (1:500 Cell Signaling,
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Cat #34568S) in 0.1% PBS-T supplemented with 2% NGS over-
night at 4°C. After washing the sections using 0.1% PBS-T three
times, the sections were incubated with secondary antibodies
conjugated to DyLight 568 (Invitrogen, goat anti-rabbit, Cat
#11011) for 1 h at room temperature in dark. The sections
were then washed with PBS three times and incubated with
DAPI (5 pg/ml, Roche Diagnostics, Indianapolis, IN, USA,
#10236276001) for 3 min. The sections were mounted on
Super Frost slides (Fisher Scientific, Oakville, Ontario,
Canada) with Dako Fluorescent Mounting Media (Dako,
Burlington, Ontario, Canada, Cat #S302380). Sections were
imaged using a Zeiss Axioplan 2 deconvolution microscope
(Carl Zeiss, Gottingen, Germany).

Tamoxifen treatment for Mecp2 reactivation

Tamoxifen (Sigma) was dissolved in corn oil (6 mg/ml) through
sonication and stored at 4°C until use. Tamoxifen was adminis-
tered to mice through peritoneal injection for five consecutive
days at 100 mg/kg. Male ‘Rescue’ mice were treated with tam-
oxifen after phenotypic symptoms have fully developed
(~50—60 days of age with a phenotypic score of at least 5). Simi-
larly, female ‘Rescue’ mice were also treated with tamoxifen
after symptomatic onset. The time of the initial injection
ranged from 270 to 320 days, but the injection paradigm was
the same for all subjects.

Phenotype severity scoring

Animals were scored using the phenotypic severity scoring
system described previously (3,16,30,34). In short, mice were
scored from 0-2 into the following parameters: mobility, gait,
hind-limb clasping, breathing score, tremor and general condi-
tion. A score of 0 represents the absence of symptom, 1 indicates
symptom present and 2 indicates the symptom is very severe.
Two genotype-blinded examiners conducted the scoring inde-
pendently, and their individual values were averaged to generate
each specific data point as described (34).

Behavioral testing

Animals were assessed in the open field, accelerating rotarod,
light and dark preference, and nest-building tests as previously
described (34,39). Briefly, for the open field ambulation test,
subjects were placed in a Plexiglass cage for an hour and an auto-
mated movement detection system (AM1053 activity monitors;
Linton Instruments, UK) recorded the motor activities of the
animals. The parameters measured included total activity (activ-
ity in both vertical and horizontal planes), rearing (vertical plane
activity), mobility (horizontal plane activity; index of total am-
bulatory activity), ambulation rate (average speed of horizontal
plane activity crossing more than two beams), complete cage
trips (number of complete cage explorations; index of mobility
strength) and center rearing activity (rearing in coordinates at
least 4” from any wall; an anxiety-like behavior index). For the
accelerating rotarod test (index of balance and mobility
strength), subjects were placed on a rotating rod apparatus
(MED Associates Inc., #ENV-575M, St. Albans, Vermont)
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that accelerates at a constant rate from 3.5 to 35 rpm over a 5-min
duration. A laser beam sensor detects the time at which the
animals fall from the rotating beam. Trials were run three
times a day for four consecutive days. Consecutive trials were
separated by at least 1 h to allow the animals to recover from
physical fatigue. For the light—dark place preference test
(index of anxiety-like behavior), mice were placed into the
open compartment of a box consisting of a dark compartment
and an illuminated light compartment that are connected
through a single small opening. The mice were facing the door
between the compartments at the start of the test. The subjects
were videotaped for 5 min and the number of risk assessments
(full head traversions out of the dark compartment) performed
while they were in the dark compartment was counted. For the
nest-building behavior test (index of social behavior), animals
were placed into a new cage containing a single piece of
nestlet, and the volume of the assembled nest was measured
the 24 h later. All behavioral tests were conducted between
9:00 am and 1:00 pm to minimize circadian effects. Male ‘Non-
Rescue’ mice were assayed between 50 and 70 days of age, the
same time frame during which male ‘Rescue’ mice are treated
with tamoxifen. Male ‘Rescue’ mice were tested between 110
and 150 days of age, and a minimum of 6 weeks after tamoxifen
treatments. Female ‘Rescue’ mice were assayed between 11 and
15 months of age, and at least 2 months after tamoxifen treat-
ments. Female ‘Non-Rescue’ mice were assayed between 9
and 14 months of age.

Electrode implantation

Two recording systems were employed in this study. For telem-
etry recordings, female mice were implanted with a wireless tel-
emetry probe TAI11ETA-F10 (Data Sciences International
(DSI), St Paul, MN, USA) for long duration EEG, activity and
core body temperature recordings as previously described
(19). Briefly, animal subjects were anesthetized under 2% iso-
flurane and the wireless transmitter was placed in the peritoneal
cavity. The recording wire was routed via a rostral subcutaneous
path and the recording electrode placed in the parietal cortex
region (Bregma —0.6 mm, lateral 1.5 mm and depth 1.5 mm).
A reference wire and electrode was placed at Bregma —5 mm,
lateral 1 mm and depth 1.5 mm. Animals were weighted pre-
and post-surgery to ensure no gross abnormalities. Animals
were allowed to recover for at least 3 weeks prior to any data col-
lection. For tethered recordings, male and female mice were
implanted with electrode cap assemblies as described previously
(23,34,51). Briefly, animals were anesthetized under 2—4%
isoflurane through inhalation. Electrodes made from
polyimide-insulated stainless steel were implanted in the hippo-
campal CAl (Bregma —2.3 mm, lateral 1.7 mm and depth,
2.0 mm) and contralateral somatosensory cortex (Bregma
—0.8 mm, lateral 1.8 mm and depth, 1.5 mm). A reference elec-
trode was implanted in the frontal cortex (Bregma —3.8 mm,
lateral 1.8 mm and depth 1.5 mm). Male mice were implanted
between 40 and 60 days of age and female mice were implanted
at ~250 days of age. The implanted mice were allowed to
recover for at least a week before any further experimentation.
Baytril antibiotics (Bayer Healthcare, Toronto, Ontario,
Canada) were added to the water supply 2 days before surgery
and 7 days after surgery to prevent infections.

Telemetric data acquisition and data analysis

Body temperature and activity of animal subjects were collected
aspreviously described (19). Briefly, wireless waveform data are
transmitted from the telemetry probe (TA11ETA-F10) to the
wireless receiver (RPC-1, DIS) and analyzed using the Data-
Quest A.R.T. (DSI) software. Body temperatures were recorded
from the thermosensor that is contained in wireless probe. Loco-
motive activity was measured by assessing the standard devi-
ation of the wireless signal strength of the transmitter to two
perpendicularly arranged receiving antennae on the RPC-1 wire-
less receiver. Body temperature and activity data were transmit-
ted at 50 Hz, using a sampling rate of 250 Hz. To analyze the
daily patterns of core body temperature cycling, an automated
discretization process algorithm was used as described previous-
ly (19). In brief, the discretization process began by normalizing
each 24-h temperature signal to have a mean of 0 and a variance
of 1. Then a Gaussian-based kernel with a 50-point aperture was
convolved with the normalized temperature signal to obtain the
envelope of the signal. Afterwards, a threshold of 0 was applied
to discretize the signal into high and low body temperature states,
where each individual state had a minimum duration of 15 min.
A complete cycle was defined as the combination of consecutive
high and low body temperature states.

Tethered EEG data acquisition and analysis

Acute EEG recordings were collected as described previously
(23,34). Briefly, the implanted electrodes were connected to
two independent head stages (Model-300, AM Systems Inc.,
Carlsborg, WA, USA). EEG signals were amplified 1000 x,
bandpass filtered (0.01-1000 Hz) and digitized (Digidata
1300, Axon Instruments, Weatherford, TX, USA). EEG data
were collected at 60 kHz and analyzed using Clampfit software
(Axon Instruments). Recording sessions were at least 2 h long
and each subject was recorded for a minimum of two sessions
on different days. Cortical epileptiform discharge-like events
were counted manually using the following criteria: frequency
between 6—12 Hz, minimum duration of 0.5s, at least 1.5
times the baseline amplitude and high rhythmicity. Spectral
plots (50% window overlap and frequency resolution of
0.25 Hz) of hippocampal theta epochs during exploratory behav-
ior and hippocampal delta epochs during immobile states were
generated. A minimum of 10 epochs from at least two recording
sessions were taken to obtain average peak theta frequency, total
delta, total theta power and total gamma power for each animal.
The frequency between 6—12 Hz with the greatest power was
taken as the peak theta frequency. Total delta power was calcu-
lated by taking the area under the hippocampal delta spectral plot
between land 4 Hz. Total theta power was calculated by taking
the area underneath the hippocampal theta spectral plot between
6 and 12 Hz and total gamma power was taken as the area under-
neath the spectral plot between 35 and 60 Hz. All EEG data were
calculated and analyzed using Clampfit 10.2 software.

Statistics

All statistical analysis was done using PRISM or Microsoft
Excel. Wilcoxon’s rank-sum test was used to analyze survival.
One-way ANOVA with Bonferroni’s post hoc correction was



used for multiple-comparisons between groups. Two-way
ANOVA (genotype versus trial day) with Bonferroni’s post
hoc correction was used to analyze rotarod results. One-way
ANOVA with Bonferroni’s post hoc correction was used to
compare across groups as indicated. Paired Student’s f-tests
were used as indicated to compare female ‘Pre-Rescue’ and
‘Post-Rescue’ results. Significance was set at P << 0.05.
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