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Insight into Rett syndrome: MeCP2 levels display
tissue- and cell-specific differences and correlate with
neuronal maturation
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Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the methyl-CpG-binding
protein 2 (MECP2) gene. Previous data have shown that MECP2 RNA is present in all mouse and human
tissues tested, but the timing of expression and regional distribution have not been explored. We investigated
the spatial and temporal distribution of the MeCP2 protein during mouse and human development. We found
that in the adult mouse, MeCP2 is high in the brain, lung and spleen, lower in heart and kidney, and barely
detectable in liver, stomach and small intestine. There was no obvious correlation between protein levels and
RNA levels, suggesting that translation may be post-transcriptionally regulated by tissue-specific factors. The
timing of MeCP2 expression in mouse and human correlated with the maturation of the central nervous
system, with the ontogenetically older structures such as the spinal cord and brainstem becoming positive
before newer structures such as the hippocampus and cerebral cortex. In the cortex, MeCP2 first appeared in
the Cajal-Retzius cells, then in the neurons of the deeper, more mature cortical layers, and finally in the
neurons of the more superficial layers. The MeCP2 protein was eventually present in a majority of neurons but
was absent from glial cells. Our data suggest that MeCP2 may become abundant only once a neuron has

reached a certain degree of maturity, and that this may explain some aspects of the RTT phenotype.

INTRODUCTION

Rett syndrome (RTT) is a childhood neurological disorder
characterized by an initial 6-18 month period of apparently
normal development followed by an abrupt loss of learned
language and motor skills (1). Purposeful hand movements, for
instance, are replaced by incessant hand-wringing motions.
Over a period of a few years, deceleration of head growth, gait
apraxia and growth retardation become apparent. In addition,
RTT patients may develop seizures, autistic behavior, scoli-
osis, prolonged corrected QT intervals and breathing irregular-
ities such as hyperventilation and apnea (2,3). Mutations in the
methyl-CpG-binding protein 2 (MECP2) gene have been
identified in 70-90% of RTT patients, making this the major if
not the only cause of RTT (4-9).

In order to understand RTT pathogenesis, both the function
and location of the gene product, MeCP2, must be evaluated.
MeCP2 is thought to function as a transcriptional repressor in
methylated regions of DNA via two distinct domains, a
methyl-CpG-binding domain (MBD) (10) and a transcriptional
repression domain (TRD) (11). Many proteins have been
shown to contain MBDs, but so far, MeCP2 is unique in its
ability to bind to a single symmetrical pair of methyl-CpG
dinucleotides (12). This in vitro binding capacity has been
substantiated in vivo by the demonstration that the localization

of MeCP2 on the chromosomes parallels that of 5-methyl-
cytosine, which is densest in heterochromatic regions but also
present in euchromatin (12). The TRD of MeCP2 represses
transcription through its interaction with the Sin3A complex
containing histone deacetylase 1 (HDAC1) and HDAC2,
which remodel the chromatin structure such that it becomes
refractory to transcription (13,14).

The location of MeCP2 has been analyzed at the RNA level
and has revealed the presence of three alternatively spliced
MECP?2 transcripts (1.9, 7.5 and 10 kb) produced by differen-
tial polyadenylation [poly(A)] site usage (15—17). At least one
of these transcripts is present in all human tissues, but the
abundance varies between tissues (15). Whether the transcripts
have different physiological roles is unknown. The half-lives
of the 1.9 and 10 kb transcripts are similar, but the distinct
3’-untranslated regions of these two transcripts may have
disparate effects on the translation efficiency (15). RNA in situ
hybridization analysis in mice has shown that Mecp2 is
ubiquitous in embryos and is found in most neurons of the
postnatal brain, but is higher in the olfactory bulb and hippo-
campus (16).

In light of its promiscuous binding to the chromosomes and
indiscriminate expression pattern, MeCP2 would appear to be
essential for the silencing of numerous genes in virtually every
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tissue. However, this is difficult to reconcile with the relatively
restricted pathology of RTT. In fact, deletion of the mouse
Mecp?2 gene solely in neurons produces a similar phenotype to
that seen with deletion of Mecp2 in all cells (18), supporting
the idea that, despite its hypothesized role as a global transcrip-
tional repressor, MeCP2 function may be most critical in
neurons. However, an essential role for MeCP2 outside the
central nervous system (CNS) cannot be excluded, since the
phenotype of the mice was analyzed primarily with regard to
neuronal function, and more subtle deficiencies outside the
CNS may have been overlooked.

Given the existence of multiple RNA transcripts that show
tissue-specific distributions and the possibility that the various
transcripts may be translated with different efficiencies, we
reasoned that a precise determination of the localization of
MeCP2 required analysis of the protein itself. Therefore, we
studied the tissue-specific distribution of the MeCP2 protein in
mice by immunoblot analysis and the spatial and temporal
distribution in mouse and human brains by immunohisto-
chemistry (IHC). We demonstrate that the MeCP2 protein is
high in brain, lung and spleen, moderate in kidney and heart,
and low in liver, stomach and small intestine. In the brain,
MeCP2 expression was not detected in glial cells and was
abundant in mature neurons. These data suggest that the
delayed onset and other characteristics of RTT may be
partially explained by the preferential function of MeCP2 in
mature rather than immature neurons.

RESULTS

To determine the regional distribution of MeCP2, we quanti-
fied its levels in lysates of various adult mouse tissues by
immunoblot analysis and found that it was present at highest
levels in brain, lung and spleen (Fig. 1A). Expression in the
kidney and heart was 2—4-fold lower than in the brain, and
levels in the liver, stomach and small intestine were barely
detectable, at levels ranging from 7- to 19-fold lower than in
the brain. These tissue-specific differences were consistent
between two independent animals. We were interested in
whether this variation in protein level could be explained by
differential expression of the Mecp2 transcripts. To address
this issue, we tested the distribution of the RNA in mouse and
human tissues. A ~10 and ~2 kb transcript were present at
varying levels in most tissues (Fig. 1B and C). To analyze the
correlation between protein and RNA levels, we focused on
tissues tested by immunoblotting and compared MeCP2/
GAPDH protein ratios to the MECP2 (or Mecp2)/a-tubulin
RNA ratios. The quantification for the mouse tissues clearly
demonstrates the discrepancy between protein and mRNA
levels (Fig. 1D). Similar results were obtained from analysis of
the human tissues (data not shown).

To evaluate the distribution of MeCP2 by IHC, we generated
two antisera: one to an N-terminal peptide (MeCP2N15) and
one to a C-terminal peptide (MeCP2C17) (Materials and
Methods). Specificity of the resulting antisera was confirmed
by immunoblot analysis of transfected cell lysates and mouse
brain extracts. A ~74 kDa protein was recognized by both
antisera (Fig. 2).

The expression of MeCP2 in mouse was followed by THC at
the following developmental stages: embryonic day 10.5
(E10.5), E11.5, E13.5, E14.5, E16.5, E17.5, E18.5, postnatal

day 10 (P10) and 7 weeks after birth. At E10.5, MeCP2 was
weakly detected in only a few cells in the marginal zone of the
developing brain. A greater number of cells in this area were
positive around E11.5 and expression was also seen in the
spinal cord, pons and medulla (Table 1). At E14.5, MeCP2 was
present in the thalamus, caudate/putamen and cerebellum. In
addition, from E14.5 through E16.5, strong immunoreactivity
was detected in neurons occupying the deeper, more mature
layers of the cerebral cortex, but was absent from the more
superficial, immature cortical neurons below the mature Cajal—
Retzius cells in the marginal zone (Fig. 3A—C). The hypo-
thalamus, hippocampus and deep cerebellar nuclei were immuno-
reactive to MeCP2 beginning around E16.5. By E18.5, all of
the cortical layers expressed MeCP2 protein, but expression
continued to be higher in the deeper layers than in the more
superficial layers (Fig. 3D-F). At this time, most neurons
expressed MeCP2 protein and there were no obvious
additional neurons positive through the adult age. MeCP2 was
not detected by IHC in embryonic tissues outside of the brain,
with the exception of the ganglion cells and inner nuclear layer
of the retina, but in the adult animal, MeCP2 was present in
other tissues that were positive by immunoblot, such as lung
and heart (data not shown).

Notably, the subcellular distribution of MeCP2 changed
during mouse development, starting as a primarily diffuse
nuclear staining from E10.5, but becoming increasingly punc-
tate through E16.5. For example, this difference can be seen
upon comparison of the cerebral cortex at E11.5 and E16.5
(Fig. 4A and B) and the spinal cord at E13.5 and E17.5
(Fig. 4C and D). It has been previously shown that in trans-
fected mouse cells, MeCP2 co-localizes with Hoechst-positive
heterochromatic foci (19). The punctate staining we observed
was coincident with nuclear domains revealed by the chromatin-
binding hematoxylin stain, suggesting that after mouse E14.5, there
is a refinement of MeCP2 localization to heterochromatic domains.

Although MeCP2 appeared to be preferentially expressed in
mature neurons of the brain, we sought to confirm its presence
in older neurons by analyzing a 19-week-old mouse brain by
IHC. MeCP2 was detected in most regions of the brain
(Fig. 5A-H). To substantiate this result, we measured MeCP2
levels in whole brain lysates of mice ranging from PO to 28
weeks old. It was apparent that MeCP2 levels remained rela-
tively uniform from birth through 28 weeks of age (Fig. 5J),
further suggesting the importance of MeCP2 function in
mature neurons. Interestingly, although MeCP2 was expressed
in most adult neurons, its levels appeared higher in some cells
than others. We investigated this by immunofluorescence and
found, for instance, that in the cerebellum, expression was
highest in the Golgi cells, lower in Purkinje and stellate cells,
and extremely low in the granule cells (Fig. 5I).

We next asked whether the developmental distribution of
MeCP2 observed in the mouse would hold true in the human
brain. Analysis of MeCP2 immunoreactivity by IHC demon-
strated that at 10 and 14 weeks gestation (wg), MeCP2 was
present in multiple brainstem nuclei and the Cajal-Retzius
cells of the cerebral cortex. Deeper cortical layers began to
show weak immunoreactivity around 19 wg, at which time
MeCP2 also appeared in the thalamus, caudate, substantia
nigra, globus pallidus and at low levels in the hippocampus and
cerebellum (data not shown). By 26 wg, two distinct
populations of neurons in the cerebral cortex showed
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Figure 1. MeCP2 levels are highest in brain, lung and spleen. (A) Immunoblot analysis of tissues from a 9-week-old mouse shows that MeCP2 levels are highest
in brain, lung and spleen, lower in kidney and heart, and barely detectable in small intestine, liver and stomach. Hybridization of northern blots of (B) mouse and
(C) human tissues with a MECP?2 probe reveals that two major transcripts are differentially expressed. (D) To analyze the correlation between protein and RNA
levels, we compared the MeCP2/GAPDH ratio (left) to the MECP2/0.-tubulin ratio (right). Graphs of the results for the mouse tissues are shown and reveal no
correlation between protein and RNA levels. Abbreviations: Sm Int, small intestine; Skel Musc, skeletal muscle; PBL, peripheral blood leukocyte.

prominent MeCP2 expression: the Cajal-Retzius neurons and
the deep cortical layers (Fig. 6A and B). Expression was also
detected in the subplate neurons, ependyma, choroid plexus
and spinal cord. Around 29 wg, the locus ceruleus, basis pontis
and colliculi expressed MeCP2 (data not shown). With the
exception of the putamen, which became positive around 35
wg, the remainder of the expansion in MeCP2 expression was
confined to the cortex, showing a gradual increase from ~10%
positive neurons at 26 wg to >80% around 10 years (Fig. 6B-D).
In contrast, in areas such as the reticular formation of the brain-
stem, a similar percentage of neurons were positive at 35 wg

(>80%) and 10 years (~100%) (Fig. 6E and F). Similar to the
mouse, the intensity of immunostaining varied among different
populations of neurons. For example, in the cerebellum, the
granule cells and Purkinje cells showed much lower MeCP2
levels than the Golgi and stellate cells (data not shown). In
contrast to the mouse, some brain regions consistently showed
weaker staining, particularly the putamen and hippocampus
(data not shown). Another difference in MeCP2 staining
between the mouse and human brain was that in human
neurons, MeCP2 was diffusely nuclear at all ages examined,
without any distinct punctate staining (Fig. 6).
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Table 1. Expression of MeCP2 during mouse development?

Age MZ Deep Super Thal Hypo C/P Hipp Pons Med SC Cer DN
E10.5 tr - - ND ND ND ND - - - ND ND
El11.5 +— - - ND ND ND ND +— +— +— ND ND
E13.5 + - - - NT +— ND tr tr +— ND ND
E14.5 + +— - + - +/— NT +/— +/— NT +/— NT
El6.5 + + - + tr tr +— tr + +— tr tr
E17.5 + + - + tr tr +/— + + tr +

E18.5 + + + + +/— + +/— + + + + +
P10 + + + + + + + + + NT + +

7 weeks  + + + + + + + + + NT + NT

dExpression levels: +, expression in a majority of neurons; +/—, expression in some neurons; tr, trace expression in some neurons; —, negligible expression;
ND, structure not sufficiently developed; NT, structure not tested. Regions: MZ, marginal zone; Deep, deep cortical layers; Super, superficial cortical layers;
Thal, thalamus; Hypo, hypothalamus; C/P, caudate/putamen; Hipp, hippocampus; Med, medulla; SC, spinal cord; Cer, cerebellum; DN, deep cerebellar nuclei.
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Figure 2. Specificity of antisera generated against MeCP2 peptides. (A) Diagram
of the MeCP2 protein illustrating the positions of the MeCP2N15 and
MeCP2C17 peptides. (B) Antiserum to MeCP2N15 recognizes a ~74 kDa
protein (marked with arrow) in cells transfected with a MECP2 cDNA (T) and
in mouse brain extracts (Br) but not in non-transfected cells (N). (C) Anti-
serum to MeCP2C17 shows similar specificity.

MeCP2 expression in the mouse and human brains was
detected in most neurons, but we were interested in whether
the protein was present in glial cells. To address this, we
performed double immunofluorescent labeling on the mouse
brain with antibodies to MeCP2 and the glial marker, glial
fibrillary acidic protein (GFAP). Several brain regions were
analyzed but MeCP2 staining was never present in cells that
were immunoreactive to GFAP (Fig. 7), suggesting that
MeCP2 is absent from glia.

DISCUSSION

Mutations in MECP2 cause RTT, a neurological disorder
characterized by loss of speech, abnormal movements, motor
deficiencies and mental retardation. Early evidence based on
RNA expression suggested that this repressor might be ubiqui-
tous because MECP?2 transcripts were identified in all tissues
examined and in both fetuses and adults. Several factors led us
to question whether the distribution of the MECP2 RNA was

representative of the protein distribution: (i) the discrepancy
between the widespread expression pattern and the apparent
neuronal specificity of RTT, (ii) the possibility of post-tran-
scriptional regulation of the RNA, and (iii) the presence of
multiple tissue-specific RNA transcripts that may serve
different roles. Given these possibilities, we evaluated the
spatial and temporal distribution of the MeCP2 protein.

We found that, in contrast to the previously described
ubiquitous presence of the mouse Mecp2 RNA (16), the
protein was particularly abundant in brain, lung and spleen,
less abundant in the kidney and heart, and almost negligible in
the liver, stomach and small intestine. Quantification of the
tissue distribution of RNA transcripts in mouse and human
revealed that although the two differentially-polyadenylated
transcripts varied in a tissue-specific manner, there was no
correlation between these levels and protein levels. This
finding suggests that MECP2 transcripts are under post-tran-
scriptional control and that this control is tissue specific rather
than transcript specific. Although we expected MeCP2 levels
to be high in the brain given the effect of MECP2 mutations,
the presence of substantial protein in lung and spleen, and
moderate amounts in other tissues, suggests that the neuronal
specificity of RTT is partially due to factors other than protein
abundance. Possibilities include differences in levels of other
methyl-CpG-binding transcriptional repressors or differential
requirements for methylation-dependent silencing. It is
possible that certain anomalies seen in RTT such as the
prolonged corrected QT interval may result from MeCP2
dysfunction in the heart rather than the CNS, but this remains
to be determined.

By studying the pattern of MeCP2 localization in the CNS of
the mouse and human during development, we found that
MeCP2 is preferentially abundant in mature neurons. For
example, the timing of its appearance correlated with the
ontogeny of the CNS. The spinal cord and brainstem develop
first, whereas the cerebral hemispheres develop last (20).
MeCP2 expression followed a similar time course in both
mouse and human, with its early expression in the spinal cord
and brainstem, and late expression in the hippocampus and
cerebral cortex (Fig. 8). Furthermore, in the cerebral cortex,
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Figure 3. Higher MeCP2 expression in mature cortical neurons of the mouse brain. (A) At E16.5, MeCP2 expression is highest in the Cajal-Retzius neurons of
the marginal zone [upper box, enlarged in (B)] and in the deepest, most mature layer of the cortex [lower box, enlarged in (C)]. Some examples of positive
expression are indicated with red arrows. (D) MeCP2 is detectable in all layers of the cortex at E18.5, but is weaker in the superficial layers [upper box, enlarged
in (E)] than the deep layers [lower box, enlarged in (F)]. Scale bars represent 50 um.
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Figure 4. Developmental transition from a diffuse to a punctate nuclear stain-
ing pattern. (A) At E11.5, MeCP2 staining is diffuse in nuclei of cortical
neurons, without any visible foci, whereas at E16.5, MeCP2 forms densely
staining intranuclear foci (B). This is also seen in the spinal cord, where it is
primarily diffuse at E13.5 (C) and primarily punctate at E17.5 (D). Scale bars
represent 50 pm.

where the developmental timing is well characterized, the
order of MeCP2 expression followed that of neuronal maturation.
All cortical neurons originate in the ventricular zone (VZ) and,
after undergoing a mitotic phase, depart from the VZ and
migrate towards the pial surface. The Cajal-Retzius neurons
are born first and migrate into the marginal zone under the pial
surface (21). Subsequent neurons migrate and form the cortical

plate below the marginal zone, with neurons occupying the
deep layers of the cortical plate migrating first and subsequent
neurons moving past these older neurons to form the more
superficial cortical layers (20). We found that the Cajal-
Retzius cells began to express MeCP2 first, followed by the
deeper cortical layers and then the more superficial layers,
consistent with the order of maturation. In the adult brain,
MeCP2 was present in a majority of neurons, but not glia.
Although the general pattern of expression was similar in
mouse and human, some differences were noted. For example,
both species showed a gradual increase in the percentage of
MeCP2-positive neurons, but in mouse, most of the increase
was restricted to embryonic development, with most of the
neurons that would subsequently express MeCP2 in the adult
being positive by E18.5. In the human brain, although the
number of MeCP2-positive neurons increased dramatically
through gestation, the percentage of neurons expressing
MeCP2 in the cortex continued to increase from birth through
10 years of age. Although the human tissue may be less reliable
due to post-mortem protein degradation, the absence of
MeCP2 in much of the cortex was consistent through multiple
postnatal time points and in multiple samples before 10 years.
Furthermore, in other areas such as the brainstem, the
percentage of MeCP2-positive neurons remained constant.
Therefore, we conclude that the differences in MeCP2 expres-
sion pattern between mouse and human are a result of species-
specific differences. In light of the preferential expression of
MeCP2 in mature neurons, we speculate that the delayed
expression in the human cortex represents the extended period
of developmental plasticity in humans, in which neurons have
not achieved their fully differentiated state. Examples of
experience-dependent plasticity are abundant for several areas
of the cortex, including the visual, auditory and somatosensory
cortices in humans and other animals (22). The cellular basis of
this plasticity is thought to involve several aspects of neuronal
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Figure 5. MeCP2 is expressed at high levels in the mature mouse brain. MeCP2 is expressed in most neurons of a 19-week-old mouse brain, including the cere-
bellum [(A), enlarged in (E)], cortex [(B), enlarged in (F)], hippocampus [(C), enlarged in (G)] and pons [(D), enlarged in (H)]. The cerebellum illustrates that the
intensity of MeCP2 staining varied between cell types (I), with the Golgi cells (yellow arrow) showing highest levels, followed by the Purkinje cells (cyan arrow)
and stellate cells (red arrow) at intermediate levels, and the granule cells (white arrow) at very low levels. Although the Golgi cells appear to have a diffuse staining
pattern, a punctate distribution is seen at lower intensities (not shown). Measurement of MeCP2 levels in total brain lysates of mice at ages ranging from PO to
28 weeks revealed that MeCP2 is present at high levels in the adult brain (J). Scale bars represent 50 um.

physiology, including synaptogenesis, myelination and neuro-
transmitter expression (23). Almost all species have a critical
period during early development in which this process is most
efficient (22). It has been shown that in humans, the time
course of glucose utilization and synaptogenesis both show a
dramatic increase between birth and 4 years of age, followed
by a plateau until 10 years of age, and then a gradual decline
during adolescence to the adult level (24). The timing of
glucose metabolism has been shown to follow an ontogenetic
order, with the neonatal period showing high levels in the brain-
stem, thalamus and cerebellar vermis, but low levels in most of
the cerebral cortex until 8—12 months of age (24). The correl-
ation in timing between MeCP2 expression, glucose utilization,
synaptogenesis and experience-dependent plasticity in humans
reinforces the idea that MeCP2 expression is delayed until
neurons reach a certain stage of maturation, and further suggests
that for at least some cortical neurons, this may be delayed until
after the critical phase of experience-dependent plasticity.
Another notable difference in the expression of MeCP2 in
mouse and human was on a subcellular level. Before mouse
E16.5, MeCP2 was primarily diffuse in the nucleus, but from this
time forth, it was mostly localized to discrete heterochromatic
foci. In contrast, human MeCP2 was diffuse at all time points
examined. This difference may be due to distinct patterns of
heterochromatin localization in rodents and primates. Given
that the change in distribution of mouse MeCP2 occurs at a
distinct developmental stage, it is possible that the localization

of MeCP2 to its normal site of binding may be regulated by
other cellular factors and that this may serve as a mechanism
for controlling its silencing function.

The results described here, along with the previous observa-
tion that postnatal deletion of Mecp2 in mouse neurons causes
a phenotype that is delayed but otherwise similar to that
produced by a null allele (18), points to a critical role for the
MeCP2 transcriptional repressor in mature neurons. It may be
that MeCP2 primarily represses genes that are important
during neuronal development but which are detrimental for
mature neurons. For example, developing neurons progress
through a sequence of stages characterized by the expression
of specific neurotransmitters and neuropeptides. The comple-
ment of signaling molecules expressed by the mature neuron
may be entirely different from that during the embryonic stage
(25-27). It could be that MeCP2 represses genes for some
transmitters or peptides (or other factors) that are expressed
only early in neuronal development. How MeCP2 might target
specific genes is uncertain, but we envision a few possibilities:
(i) The majority of MeCP2 binding sites, in regions of dense
methylation, may be already saturated by other MBD-
containing repressors, obviating a role for MeCP2. Other
regions such as CpG islands may be more sparsely methylated,
and since MeCP2 is the only member of the MBD family that
has been shown to bind to a single symmetrical methyl-CpG
dinucleotide pair, its function might be critical for the repres-
sion of genes controlled by these regions. (ii) During neuronal
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Figure 6. Delayed MeCP2 expression in human cortical neurons. (A) At 26 wg, the Cajal-Retzius neurons and (B) isolated cells in the deepest, most mature layer
of the cortex express MeCP2. Examples of positive expression are indicated by red arrows. (C) At 3 months (mos), an increased number of deep cortical neurons
show MeCP2 expression, but a large percentage of cells remain negative. Examples of negative cells are shown with blue arrows. At 10 years (yrs), only rare
neurons demonstrate negligible MeCP2 expression (D). In contrast, the percentage of neurons expressing MeCP2 in the reticular formation of the brainstem is

constant from 35 wg (E) to 10 years (F). Scale bars represent 50 um.

Figure 7. MeCP2- and GFAP-expressing cells are mutually exclusive. In the (A) pons [enlarged in (B)], MeCP2 staining (green) is absent from GFAP-positive
(red) astrocytes. A section covering the corpus callosum (CC), hippocampus (HI) and periventricular thalamic nuclei (PVT) demonstrates the absence of MeCP2

from the subependymal astrocytes (SA). Scale bars represent 50 wm.

maturation, certain genes may become methylated and it may
be that only the MBD-containing protein that is most abundant
or has the highest affinity for methylated DNA binds to these
genes. The relative abundance of MBD family members in
neurons is unknown, so it is possible that MeCP2 is more
abundant than the other MBD-containing proteins in neurons.
(iii) Certain DNA-binding proteins might guide MeCP2 to
specific promoter sites to repress transcription of specific
genes. This would be analogous to the recent finding that DNA
methyltransferase 3a (Dnmt3a) serves as a co-repressor for
RPS58, a transcription silencer that binds to heterochromatin
(28). We propose that one or more of these mechanisms

enables MeCP2 to repress the transcription of specific genes
once a neuron has passed a critical phase of its development.
The prevalence of MeCP2 in mature neurons may have
implications for at least some aspects of RTT. One of the
intriguing features of the disease is that affected individuals
typically have a 6—18 month period in which they acquire some
motor and language skills. It is only after this period of normal
development that these skills are lost. As there is no evidence
of neuronal loss in RTT brains (29), the regression phase is
best explained by a delayed onset of neuronal dysfunction. The
findings that brain size (30), neuronal size (31) and dendritic
branching (29) are reduced in RTT all suggest that neurons
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Figure 8. Schematic representation of the spatial and temporal distribution of MeCP2 during human and mouse development. The distribution of MeCP2 at
selected ages during (A) human and (B) mouse CNS development is illustrated. The presence of MeCP2 is indicated with red dots. MeCP2 initially appears in the
spinal cord, specific brainstem nuclei and in the Cajal-Retzius neurons (C-R) of the cerebral cortex. Expression is then seen in the midbrain, thalamus, cerebellum
and deep cortical layers. MeCP2 appears later in the basal ganglia, hypothalamus, hippocampus and latest in the superficial cortical layers.

may be more immature in patients. It is conceivable that in the
absence of proper MeCP2 function, neurons cannot advance to
the fully mature state. Until now, the orderly, predictable
progression of symptoms in RTT has had no known physio-
logical correlate. Understanding the ontogeny of MeCP2
expression in the CNS may prove useful to exploring the
pathogenesis of disorders caused by MECP2 mutations.

MATERIALS AND METHODS

Northern blot hybridization

A mouse multiple tissue northern blot (Clontech) was hybrid-
ized with an 886 bp Mbil genomic fragment containing a
majority of the coding region of exon 4 using ExpressHyb
hybridization solution (Clontech) and exposed to BioMax
autoradiography film (Kodak). Signal intensities were quantified
with a densitometer (Personal Densitometer SI, Molecular
Dynamics) using ImageQuant Software (Molecular Dynamics).
The blot was then stripped in boiling 0.5% SDS and hybridized
with an a-tubulin probe. The same procedure was followed for
two human multiple tissue northern blots (Clontech) using the
entire human MECP2 cDNA as a probe.

Antibody generation

An N-terminal peptide (MeCP2N15) and C-terminal peptide
(MeCP2C17) were synthesized in the Protein Chemistry Core
Laboratory (Baylor College of Medicine). The MeCP2N15

peptide represented amino acids 164-178 (SPSRREQKPP-
KKPKS) of the human MeCP2 protein and the MeCP2C17
peptide represented amino acids 390-406 (PPEPESSEDPTSP-
PEPQ). To both peptides, a C-terminal cysteine residue was
added for conjugation to the carrier, keyhole limpet hemo-
cyanin. Both conjugated peptides were injected into two
rabbits to generate antisera (Bethyl Laboratories).

Immunoblotting

Whole tissues were removed from mice after cervical disloca-
tion, and homogenized in extraction buffer [100 mM Tris, pH
6.8, 2% SDS, 25 mM DTT, 5x protease inhibitor cocktail
(Complete, Roche)] first with a tissue grinder (Dremel) and
then with a dounce homogenizer. Total protein levels were
quantified using a modified Bradford assay (Bio-Rad protein
assay) and 100 ug of protein was loaded onto an 8% SDS—
polyacrylamide gel and separated by electrophoresis. Protein
was transferred from the gel to a nitrocellulose membrane
(Schleicher & Schuell). Blots were blocked in 5% blotting
grade blocker non-fat dry milk (Bio-Rad) in Tris-buffered
saline with 0.1% Tween-20 (TBS-T) for 1 h. Membranes were
then incubated with MeCP2 antibody (Upstate Biotechnology)
diluted 1:1000 or GAPDH antibody (Advanced Immuno-
Chemical Inc.) diluted 1:20 000, in blocking solution for 1 h.
The membrane was washed three times for 5 min with TBS-T
and then incubated with blocking solution containing horse-
radish peroxidase-conjugated anti-rabbit IgG (Sigma) diluted
1:5000 for 45 min. Excess antibody was washed off with three



5 min TBS-T washes and the antibody conjugates were visual-
ized by enhanced chemiluminescence (ECL, Amersham Life
Science). Signals were quantified with a densitometer using
ImageQuant Software.

Immunohistochemistry

Seventeen human brains (ages 10 wg to 33 years) were
obtained by informed consent from the Department of
Pathology at Texas Children’s Hospital and were investigated
following Baylor College of Medicine Institutional Review
Board approval. Mouse embryos and tissues were fixed either
by transcardial perfusion with PBS-buffered 4% formaldehyde
or by immersion in 10% formalin, washed and cut. Represen-
tative sections of cerebral cortex, basal ganglia, cerebellum,
brain stem and spinal cord were dehydrated and impregnated
with paraffin. Five micrometer sections were cut, mounted
onto ‘plus’ slides, and antigen-retrieved in citric acid (pH 6.0)
for three 5 min bursts of high microwave heat. Nuclear diges-
tion was achieved with proteinase K. For the mouse tissues,
anti-MeCP2 (Upstate Biotechnology) was used at a dilution of
1:100 for three nights at 4°C. For the human tissues, the
MeCP2C17 crude serum was applied at a 1:300 dilution over-
night at 4°C. Biotinylated anti-rabbit secondary antibodies
were applied from the ABC-Elite kit (Vector Laboratories).
Novared was used as chromagen.

Immunofluorescence

Anesthetized mice were transcardially perfused with PBS
followed by PBS-buffered 4% formaldehyde. Brains were
removed and fixed overnight in PBS-buffered 4% formalde-
hyde at 4°C, followed by cryoprotection with a step-wise infil-
tration of 5-25% sucrose in 5% increments. Brains were cut
coronally, embedded in optimal cutting temperature compound
(O.C.T.; Tissue-Tek) and frozen. Forty-five micrometer
sections were cut using a cryostat (Microm HM500) and rinsed
free-floating in PBS. Sections were blocked for 1 h in 2%
normal goat serum in PBS with 0.3% Triton X-100 (Roche) at
4°C. Rabbit polyclonal anti-MECP2 antibody (Upstate
Biotechnology) was diluted 1:100 and mouse monoclonal anti-
GFAP (Transduction Laboratories) was diluted 1:50 in
blocking solution and incubated for 60 h at 4°C. After the
sections were washed with TBS-T four times for 20 min, they
were then incubated with Texas red-conjugated anti-mouse
IgG (Vector Laboratories) and fluorescein-conjugated anti-
rabbit IgG (Vector Laboratories) diluted 1:600 in blocking
solution for 60 h at 4°C. Sections were then rinsed four times
with TBS-T and mounted onto slides with mounting medium
for fluorescence (Vector Laboratories) and viewed with a laser
confocal microscope (Zeiss).
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